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Preface

Reliability and quality are the two most important facets of any power
delivery system. A power distribution system is reliable if all its customers
get interruption-free power for 24 hours a day and 365 days a year. The term
power quality is often referred to as maintaining near sinusoidal voltage at
the stipulated frequency of 50 or 60 Hz at the customer inlet points. It could
be argued that maintaining voltage levels and frequency are the
responsibility of generation. However, it will be shown in this book that
there is no guarantee that the customers get quality power, even if the
generation quality levels are met.

The aim of the book is two-fold — to introduce the power quality
problems and to discuss the solutions of some of these problems using power
electronic controllers. To achieve these aims, we discuss the power quality
problems and their impacts on the end users at the beginning of the book. In
the remainder of the book we present the custom power solutions to some of
the power quality problems. We define those devices that provide power
electronic solutions to the power quality problems as custom power devices.

The power quality problems in power distributions systems are not new,
but customer awareness of these problems has increased. Similarly there are
sets of conventional solutions to the power quality problems which have
existed for a long time. However these conventional solutions use passive
elements and do not always respond correctly as the nature of the power
system conditions change. Custom power offers flexible solutions to
many power quality problems.

In recent times, the issues involved with power quality issues and custom
power solutions have generated a tremendous amount of interest amongst
power system engineers. This is reflected by a large number of publications
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in IEEE Transactions on Power Delivery and Industry Applications and
other journals like Proceedings of IEE, Electric Power System Research etc.
Also power quality and customer power are regularly discussed in IEEE and
CIGRE conferences. From this point of view, we hope that this book will be
able to provide an insight into these two very important aspects. It is
however to be remembered that every book represents the viewpoint of the
authors and cannot be treated as the final word on the subject. We shall
therefore be delighted if this book generates increased research and
development in custom power devices and their application.

A large number of numerical examples are presented in the book. Many
softwares are commercially available for simulating power electronic
circuits. 'We have found that Manitoba HVDC Research Center’s
EMTDC/PSCAD is a very useful tool for simulating power systems and
related power electronic circuits. Also for system level simulations using
mathematical models, MATLAB, a product of Math Works Inc., is most
suitable. The advantage of using MATLAB is that complex control
algorithms can easily be incorporated in the models. All the simulation
results that are presented in this book have been prepared using either of
these two packages.

The book is organized in twelve chapters. In Chapter 1 we introduce the
concepts of power quality and custom power solutions. Some of the flexible
ac transmission systems (FACTS) devices are also discussed in this chapter
as they can be considered as precursors to the custom power devices. We
also introduce the concepts of distributed generation and grid
interconnection.

In Chapter 2 we discuss power quality terms and their definitions. We
also discuss the impacts of poor power quality on the end users.

Chapter 3 presents the analysis and indices of the power quality
problems. In this chapter we present some of the important concepts that are
used extensively in the later chapters. Also the conventional mitigation
methods of some of the power quality problems are presented in this chapter.

We introduce the custom power devices in Chapter 4. These devices are
categorized into two broad classes — network reconfiguring devices and
compensating devices. The network reconfiguring devices include SSCL,
SSB and SSTS, while the load compensating devices include DSTATCOM,
DVR and UPQC. We also discuss the concept of custom power park in this
chapter.

Chapter 5 deals with the structure of power electronic converters and
their controls. Since most of the custom power compensating devices are
realized by power electronic converters, this chapter elucidates their
topology, operating principles and control to make the book self-contained.
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Chapter 6 discusses the topology and operating principles of the network
reconfiguring devices and illustrates how these devices can be used to
protect distribution systems from abnormal operations.

Chapter 7 discusses the theory of shunt compensation. It illustrates how
an ideal shunt compensator can be used for load balancing, power factor
correction and active filtering. Most emphasis is given to discussing the
theory behind instantaneous correction of disturbances, as these
developments facilitate the generation of compensator reference currents
based on the measurements on instantaneous currents and voltages.

Chapter 8 deals with practical shunt compensator structures and their
applications. It illustrates how a DSTACOM can be used in a distribution
system for load compensation when the supply voltage is stiff or non-stiff. It
also discusses how a DSTATCOM can be controlled to regulate the voltage
of a power distribution bus.

In Chapter 9 we discuss the principles of series compensation. Here we
illustrate how a series device can regulate the voltage at a load terminal
against sag/swell or distortion in the supply side. We also illustrate how a
series device, in conjunction with shunt passive devices, can be used as
active filter.

In Chapter 10 we discuss the unified power quality conditioner. Two
different structures of this device are discussed in this chapter along with
their merits or demerits.

Chapter 11 discusses the distributed generation and grid interconnection
issues. It presents a range of issues from standards to grid friendly inverters
to islanding.

The book concludes in Chapter 12 where some future directions and
opportunities in power quality enhancements are provided.

Arindam Ghosh
Gerard Ledwich

July 2002
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Chapter 1

Introduction

Modern day power systems are complicated networks with hundreds of
generating stations and load centers being interconnected through power
transmission lines. An electric power system has three separate components
— power generation, power transmission and power distribution. Electric
power is generated by synchronous alternators that are usually driven either
by steam or hydro turbines. Almost all power generation takes place at
generating stations that may contain more than one such alternator-turbine
combinations. Depending upon the type of fuel used for the generation of
electric power, the generating stations are categorized as thermal, hydro,
nuclear etc. Many of these generating stations are remotely located. Hence
the electric power generated at any such station has to be transmitted over a
long distance to load centers that are usually cities or towns. Moreover, the
modern power system is interconnected, i.e., various generating stations are
connected together through transmission lines and switching stations.
Electric power is generated at a frequency of either 50 Hz or 60 Hz. In an
interconnected ac power system, the rated generation frequency of all units
must be the same. For example, in the United States and Canada the
generation frequency is 60 Hz, while in countries like United Kingdom,
Australia, India the frequency is 50 Hz. In Japan both 50 Hz and 60 Hz
systems operate and these systems are interconnected by HVDC links. An
HVDC converter station converts power at 50 Hz ac to dc power at
transmission voltage. An identical converter station converts the dc to power
at 60 Hz ac. In this book we shall consider only 50 Hz ac systems in all the
examples that are presented.

The basic structure of a power system is shown in Figure 1.1. It contains
a generating plant, a transmission system, a subtransmission system and a
distribution system. These subsystems are interconnected through
transformers 7', T, and T;. Let us consider some typical voltage levels to

A. Ghosh et al., Power Quality Enhancement Using Custom Power Devices

© Kluwer Academic Publishers 2002



2 Chapter 1

understand the functioning of the power system. The electric power is
generated at a thermal plant with a typical voltage of 22 kV (voltage levels
are usually specified line-to-line). This is boosted up to levels like 400 kV
through transformer 7, for power transmission. Transformer T, steps this
voltage down to 66 kV to supply power through the subtransmission line to
industrial loads that require bulk power at a higher voltage. Most of the
major industrial customers have their own transformers to step down the 66
kV supply to their desired levels. The motivation for these voltage changes is
to minimize transmission line cost for a given power level. Distribution
systems are designed to operate for much lower power levels and are
supplied with medium level voltages.

Transmission

OF B

Plant 7, T,

|
Subtransmission Commercial i
Line Customer |i

Domestic :
Industrial Customer I
Customer Distribution |
System _ !

Figure 1.1. A typical power system

The power distribution network starts with transformer T3, which steps
down the voltage from 66 kV to 11 kV. The distribution system contains
loads that are either commercial type (like office buildings, huge apartment
complexes, hotels etc) or residential (domestic) type. Usually the
commercial customers are supplied power at a voltage level of 11 kV
whereas the domestic consumers get power supply at 400-440 V. Note that
the above figures are given for line-to-line voltages. Since domestic
customers get single-phase supplies, they usually receive 230-250 V at their
inlet points. While a domestic customer with a low power consumption gets
a single-phase supply, both industrial and commercial consumers get three-
phase supplies not only because their consumption is high but also because
many of them use three-phase motors. For example, the use of induction
motor is very common amongst industrial customers who run pumps,
compressors, rolling mills etc.

It is to be noted that the voltage levels quoted above are not standard and
vary from one country to another. Let us consider for example the Indian
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power system in which the generation level varies between 11 kV to 25 kV.
The domestic customers get supply at 415 V (line-to-line) or 240 V (line-to-
neutral). The distribution side voltages are either 11 kV or 33 kV. In some
places the distribution voltage is 22 kV or even 6.6 kV. The subtransmission
voltages are either 66 kV or 110 kV or 132 kV and the transmission voltages
are 220 kV or 400 kV. A new 800 kV line has also been installed recently.

It can therefore be seen that there are various stages between the point of
power generation to the stage when electric power is delivered to the end
users. The correct operation of all components of a power system is
absolutely critical for a reliable power delivery. There are many issues
involved here such as the maintenance of power apparatus and system, the
stability of the system operation, the operation of power distribution system,
faults etc. Some of these problems are power transmission related — a subject
matter that is not treated here, as this book deals exclusively with problems
related to power distribution systems and their solutions.

In this chapter we shall introduce the concept of power quality and
discuss its impact on the end users. We shall also discuss the use of power
electronics in power system in which we shall present an overview of high
voltage dc (HVDC) transmission and flexible ac transmission systems
(FACTS) as they are the major areas of use. We shall then introduce the
concept of custom power as well as power electronic systems for general
distribution quality enhancement.

1.1 Electric Power Quality

Even a few years back, the main concern of consumers of electricity was
the reliability of supply. Here we define reliability as the continuity of
electric supply. Even though the power generation in most advanced
countries is fairly reliable, the distribution is not always so. The transmission
systems compound the problem further as they are exposed to the vagaries of
Mother Nature. It is however not only reliability that the consumers want
these days, quality too is very important to them. For example, a consumer
that is connected to the same bus that supplies a large motor load may have
to face a severe dip in his supply voltage every time the motor load is
switched on. In some extreme cases, he may have to bear with blackouts.
This may be quite unacceptable to most customers. There are also very
sensitive loads such as hospitals (life support, operation theatre, patient
database system), processing plants (semiconductor, food, rayon and
fabrics), air traffic control, financial institutions and numerous other data
processing and service providers that require clean and uninterrupted power.
In several processes such as semiconductor manufacturing or food
processing plants, a batch of product can be ruined by a voltage dip of very
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short duration. Such customers are very wary of such dips since each such
interruption cost them a substantial amount of money. Even short dips are
sufficient to cause contactors on motor drives to drop out. Stoppage in a
portion of a process can destroy the conditions for quality control of the
product and require restarting of production. Thus in this changed scenario
in which the customers increasingly demand quality power, the term power
quality (PQ) attains increased significance.

Transmission lines are exposed to the forces of nature. Furthermore, each
transmission line has its loadability limit that is often determined by either
stability considerations or by thermal limits. Even though the power quality
problem is a distribution side problem, transmission lines often have an
impact on the quality of power supplied. It is however to be noted that while
most problems associated with transmission systems arise due to the forces
of nature or due to the interconnection of power systems, individual
customers are responsible for a more substantial fraction of the problems of
power distribution systems.

1.1.1 Impacts of Power Quality Problems on End Users

The causes of power quality problems are generally complex and difficult
to detect. Technically speaking, the ideal ac line supply by the utility system
should be a pure sinewave of fundamental frequency (50/60 Hz). In addition,
the peak of the voltage should be of rated value. Unfortunately the actual ac
line supply that we receive everyday departs from the ideal specifications.
Table 1.1 lists various power quality problems, their characterization
methods and possible causes.

There are many ways in which the lack of quality power affects
customers. Impulsive transients do not travel very far from their point of
entry. However an impulsive transient can give rise to an oscillatory
transient. The oscillatory transient can lead to transient overvoltage and
consequent damage to the power line insulators. Impulsive transients are
usually suppressed by surge arresters.

Short duration voltage variations have varied effects on consumers.
Voltage sags (also knows as dips) can cause loss of production in automated
processes since a voltage sag can trip a motor or cause its controller to
malfunction. For semiconductor manufacturing industries such a loss can be
substantial. A voltage sag can also force a computer system or data
processing system to crash. To prevent such a crash, an uninterruptible
power supply (UPS) is often used, which, in turn, may generate harmonics.
The protective circuit of an adjustable speed drive (ASD) can trip the system
during a voltage swell. Also voltage swells can put stress on computers and
many home appliances, thereby shortening their lives. A temporary
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interruption lasting a few seconds can cause a loss of production, erasing of
computer data etc. The cost of such an interruption during peak hours can be

hundreds of thousands of dollars.

Table 1.1. Power quality problems and their causes

Broad Specific Methods of Typical Causes
Categories  Categories Characterization
Impulsive Peak magnitude, rise Lightning strike, transformer
time and duration energization, capacitor
Transients switching
Oscillatory Peak magnitude, Line or capacitor or load
frequency components switching.
Sag Magnitude, duration Ferroresonant transformers,
Short single line-to-ground faults
duration Swell Magnitude, duration Ferroresonant transformers,
voltage single line-to-ground faults
variation Interruption Duration Temporary (self-clearing)
faults
Undervoltage ~ Magnitude, duration Switching on loads, capacitor
Long deenergization
duration Overvoltage Magnitude, duration Switching off loads, capacitor
voltage energization
variation Sustained Duration Faults
interruptions
Voltage Symmetrical Single-phase loads, single-
imbalance components phasing condition
Harmonics THD, Harmonic Adjustable speed drives and
spectrum other nonlinear loads
Waveform  Notching THD, Harmonic Power electronic converters
distortion spectrum
DC offset Volts, Amps Geo-magnetic disturbance,
half-wave rectification
Voltage Frequency of . Arc furnace, arc lamps
. occurrence, modulating
flicker

frequency

The impact of long duration voltage variations is greater than those of

short duration variations. A sustained overvoltage lasting for few hours can
cause damage to household appliances without their owner knowing it, until
it is too late. The undervoltage has the same effect as that of a voltage sag. In
the case of a sag the termination of process is sudden. But normal operation
can be resumed after the normal voltage is restored. However in the case of a
sustained undervoltage, the process cannot even be started or resumed. A
sustained interruption is usually caused by faults. Since the loss to customers
due to any sustained interruption can be in the order of millions of dollars, it
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is necessary for the utility to have a good preventive maintenance schedule
and to have agreements or regulations to encourage high supply reliability.

Voltage imbalance can cause temperature rise in motors and can even
cause a large motor to trip. Harmonics, dc offset and notching cause
waveform distortions. Harmonics can be integer multiples of fundamental
frequency, fractions of the fundamental frequency (subharmonics) and at
frequencies that are not integer multiples of the fundamental frequency
(interharmonics). Unwanted harmonic currents flowing through the
distribution network can causes needless losses. Harmonics also can cause
malfunction of ripple control or traffic control systems, losses and heating in
transformers, electromagnetic interference (EMI) and interference with the
communication systems. Ripple control refers to the use of a 300Hz to
2500Hz signal added to distribution lines to control switching of loads such
as hot water heaters or street lighting. Interharmonic voltages can upset the
operation of fluorescent lamps and television receivers. They can also
produce acoustic noise in power equipment. DC offsets can cause saturation
in the power transformer magnetic circuits. A notch is a periodic transient
that rides on the supply voltage. It can damage capacitive components
connected in shunt due to high rate of voltage rise at the notches.

Voltage flickers are caused by arc discharge lamps, arc furnaces, starting
of large motors, arc welding machines etc. Voltage flickers are frequent
variations in voltage that can cause the light intensity from incandescent
lamps to vary. This variation is perceived as disturbing by human observers,
particularly in the range of 3 to 15 times per second. The voltage flicker can
have adverse effects on human health as the high frequency flickering of
light bulbs, fluorescent tubes or television screen can cause strain on the eyes
resulting in headaches or migraines. The voltage flicker can also reduce the
life span of electronic equipment, lamps etc.

We can therefore conclude that the lack of standard quality power can
cause loss of production, damage of equipment or appliances or can even be
detrimental to human health. It is therefore imperative that a high standard of
power quality is maintained. This book will demonstrate that the power
electronic based power conditioning devices can be effectively utilized to
improve the quality of power supplied to customers.

1.1.2 Power Quality Standards

Geneva based International Electrotechnical Commission (IEC) and
Institute of Electrical and Electronic Engineers (IEEE) have proposed
various power quality standards. A review of various standards is given in
[1]. Table 1.2 lists some of these standards that are given in [1]. We shall
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discuss the indices for the measurements of the various power quality
components in Chapter 3.

Table 1.2. Some power quality standards of IEC and IEEE
Phenomena Standards
Classification of power quality IEC 61000-2-5: 1995 [2], IEC 61000-2-1: 1990 [3]
IEEE 1159: 1995 [4]

Transients IEC 61000-2-1: 1990 [3], IEEE ¢62.41: (1991) [5]
IEEE 1159: 1995 [4], IEC 816: 1984 [6]

Voltage sag/swell and IEC 61009-2-1: 1990 [3], IEEE 1159: 1995 [4]

interruptions

Harmonics IEC 61000-2-1: 1990 [3], IEEE 519: 1992 [7]
IEC 61000-4-7: 1991 [8]

Voltage flicker IEC 61000-4-15: 1997 [9]

1.1.3 Power Quality Monitoring

Power quality variations are classified as either disturbances or steady
state variations [4]. Disturbances pertain to abnormalities in the system
voltages or currents due to fault or some abnormal operations. Steady state
variations refer to rms deviations from the nominal quantities or harmonics.
In general these are monitored by disturbance analyzers, voltage recorders,
harmonic analyzers etc. However with the advancement in the computer
technology, better, faster and more accurate instruments can now be
designed for power quality monitoring and analysis.

The input data for any power quality monitoring device is obtained
through transducers. These include current transformers, voltage
transformers, Hall-effect current and voltage transducers etc. Disturbance
analyzers and disturbance monitors are instruments that are specifically
designed for power quality measurements [10]. There are two categories of
these devices — conventional analyzers and graphics-based analyzers.
Conventional analyzers provide information like magnitude and duration of
sag/swells, under/overvoltages etc. Graphic-based analyzers are equipped
with memory such that the real-time data can be saved. The advantage of
this device is that the saved data can be analyzed later to determine the
source and cause of the power quality problems. In addition, these analyzers
can also graphically present the real-time data.

Harmonic data is analyzed with the help of harmonic or spectrum
analyzers, which can graphically display harmonic data. These are usually
digital signal processor (DSP) based data analyzers that can sample real-time
data and then perform fast Fourier transform (FFT) to determine the
amplitudes and phase angles of the harmonic components. These analyzers
can simultaneously measure the voltage and currents such that harmonic
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power can be computed [10]. They can also sample the signals at a very high
rate such that harmonics up to about 50" order can be determined. Also note
that the magnitudes of the higher order harmonics are typically much smaller
than the magnitudes of the lower order harmonics. Therefore for the signal
conversion and detection of the higher order harmonics, these analyzers have
built-in high-resolution analog to digital converters.

Currently, dedicated power quality measuring instruments are
manufactured that can combine both the functions of harmonic and
disturbance measurements. These are graphical instruments that can also
transmit data over telephone lines [10].

Flicker monitoring is done through IEC flickermeter [1, 9]. These meters
measure the instantaneous flickering voltage. This is called the instantaneous
flicker level (IFL). The recorded IFL is then stored and statistical operations
on these data are performed to determine short term (10 min) flicker severity
index and long term flicker severity index.

1.2 Power Electronic Applications in Power
Transmission Systems

The application of power electronics to power systems has a long
tradition. It started with bulk power transmission through high voltage direct
current (HVDC) transmission. Static var compensator (SVC) systems were
employed later for reactive compensation of power transmission lines.
Subsequently, devices like thyristor controlled series compensator (TCSC),
thyristor controlled phase angle regulator (TCPAR), static compensator
(STATCOM), static synchronous series compensator (SSSC), unified power
flow controller (UPFC) were proposed and installed under the generic name
of flexible ac transmission systems (FACTS) controllers [11]. Since most of
these devices are the predecessors to the power quality enhancement devices,
we briefly review them below.

1.2.1 HVDC Transmission

The schematic diagram of a double-poled HVDC transmission system is
shown in Figure 1.2, in which only the rectifier side is shown. This contains
two pairs of converters — one for the positive pole and the other for the
negative pole. The converters are realized by thyristors. These two
converters are supplied from the three-phase ac side through two
transformers. Also at the point of coupling of the ac system and the dc
system, tuned ac filters are provided such that harmonics generated by the
converter are prevented from entering the ac system. On the dc side a
smoothing inductor L, is connected to the output of each converter to smooth
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the ripples in the dc current and dc filters are also provided to cancel
harmonics from traveling down the dc transmission line. Figure 1.2 shows
only one side of the line — the same configuration is repeated on the other
end of the line, except that the converters at the other end inverts the power
back to ac. The direction of the power transfer can be reversed as well by
changing the operating principle of the converters. All practical HVDC
converters are 12-pulse or higher. A 12-pulse converter is realized by
connecting two 6-pulse converters through phase shifting transformers. For
more details on HVDC transmission refer to [12,13].

FH A B

DC /
Filter ,'
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Figure 1.2. A double-poled HVDC transmission system
122  HVDC Light

HVDC light is the recent addition to HVDC technology that uses
Insulated Gate Bipolar Transistors (IGBTs). These IGBTs are used to realize
voltage source converters. The converter switches are operated in high-speed
pulse width modulation to obtain a better control bandwidth. Also associated
with HVDC light are extruded polymer cables suitable for direct current
transmission [14]. By changing the PWM pattern of the converter, it is
possible to almost instantaneously create any phase angle or amplitude of
voltage for connection to the ac system. The use of PWM offers the
possibility of controlling both active and reactive power independently.
HVDC light uses cables that can be buried under the ground by a plowing
tractor. Unlike the overhead lines, the cables are not subjected to storms,
snow and ice and there is not right of way problem either. It is therefore
claimed that the HVDC light is a technology for the future dc transmission.

In Australia a 180 MVA HVDC light project interconnects the
Queensland and New South Wales networks through a cable length of 65
km. Through this interconnection, any capacity shortage in Queensland can
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be offset by the surplus capacity in New South Wales without the risk of
endangering the system stability.

123 Static Var Compensator (SVC)

There are two main building blocks for SVCs — thyristor switched
capacitor and thyristor controlled reactor. In a thyristor switched capacitor
(TSC), a capacitor is connected in series with two opposite poled thyristors
as shown in Figure 1.3 (a). Current flows through the capacitor when the
opposite poled thyristors are gated. The current through the device can be
stopped by blocking the thyristors. To achieve controlled reactive power a
TSC always comes in a group as shown in Figure 1.3 (b). The effective
reactance of the group can be changed by switching a TSC on or off. For
example let us assume that four identical TSCs, each having a capacitance
value C, are connected in parallel. Then the equivalent reactance when all
the TSCs are gated is given by

—_ : 1
eq ==J—=

4w C

Similarly when one TSC is switched off, the equivalent reactance drops to be
equal to — j1/(3w C). Thus the effective reactance of the device is given by
- jl/(nwC),n=0,...,4.

Figure 1.3. (a) Schematic diagram of a TSC and (b) multiple TSC connection

One of the main issues while using a TSC is switching transients. Since a
TSC blocks current through it when the thyristors are blocked and allows it
to pass when the thyristors are gated, it is obvious that severe switching



1. Introduction 11

transients will occur if a TSC is switched off while the current through it is
not zero. Similarly, the device must be switched on at a particular instant of
the voltage cycle. The transient free switching can be obtained when the
voltage across a capacitor is in either its positive peak or negative peak such
that the current through the capacitor is zero [15].

In a thyristor controlled reactor (TCR), a reactor is connected in series
with two opposite poled thyristors. One of these thyristors conducts in each
positive half cycle of the supply frequency, while the other conducts in the
corresponding negative half cycle. The schematic diagram of a TCR
connected to an ac voltage source is shown in Figure 1.4. The gating signal
to each thyristor is delayed by an angle a (often called the firing or
conduction angle) from the zero crossing of the source voltage. This is
shown in Figure 1.5 in which typical voltage-current waveforms in the
steady state are also shown. The conduction angle must be in the range 90° <
a < 180°. For a conduction angle of a = 90°, the current waveform will be
continuous and for an angle of a= 180°, the current will be zero.

Figure 1.4. Schematic diagram of a TCR

A practical SVC circuit often contains both TSC modules and TCR as
shown in Figure 1.6. In addition to them the SVC also contains tuned filters
to suppress harmonic current from flowing into the ac system. Additionally
there are firing and control circuits which are not shown in this figure. The
SVC is connected in shunt to an ac line through a step down transformer.
Through reactive power injection, the SVC can regulate the voltage of the ac
bus. For line power and voltage modulation, the SVC is placed in the middle
of a transmission line. There are several advantages of such a placement and
these are listed in [16]. SVCs placed close to loads can be very effective in
providing voltage support, thereby avoiding voltage instability.
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Figure 1.6. SVC connected to an ac network

1.2.4 Thyristor Controlled Series Compensator (TCSC)

The schematic diagram of a TCSC compensated single machine, infinite
bus (SMIB) power system is shown in Figure 1.7. The TCSC here contains
an ac capacitor that is connected in parallel with a TCR. Because of this
topology, this configuration is sometimes called a fixed capacitor-thyristor
controlled reactor (FC-TCR). It is to be noted that since this is a series
compensation device, its placement is not that crucial and it can be placed
anywhere along the line.

Let us denote the voltage across the fixed capacitor as v and the current
through the TCR as /p. Then the voltage-current characteristic of the device
is shown in Figure 1.8. As shown in this figure, the firing is delayed by an
angle o from the zero crossing of the capacitor voltage. The equivalent
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reactance of the parallel combination of a TCR with a fundamental reactance
of X;(a) and a capacitance with a reactance of X.- is given by

,fa)= y eele),

Figure 1.7. TCSC compensated SMIB system

Figure 1.8. Voltage-current characteristics of a TCSC

It can be seen from the above equation that by varying X;(a), the
reactance X, () can be made inductive or capacitive. Then as in the case of
TCR discussed in Section 1.2.3, X,,(a) will vary as a changes from 90° to
180°. The operation of the TCSC will be capacitive when « is closer to 180°.
Again when the value of « is just above 90° the operation of the TCSC will
be inductive. In between, depending on the values of L and C chosen, the
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value of X, will be excessively large as the TCR and capacitor will go
through a fundamental frequency resonance.

There are many ways of computing the fundamental frequency reactance
of X.() [17,18]. A typical plot of the fundamental frequency reactance of
the TCSC as a varies is shown in Figure 1.9. For this X, is chosen as 0.5 per
unit and X is chosen as 0.1667 per unit. In this figure the zone between the
inductive and the capacitive regions is the resonance zone and the TCSC is
never operated in this zone.
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Figure 1.9. Variation in the fundamental reactance ot a TCSC with «
1.2.5 Static Compensator (STATCOM)

This is a shunt device that does not require passive elements like
inductors and capacitors. The schematic diagram of a SMIB power system
that is compensated by a shunt compensator is shown in Figure 1.10. The
STATCOM is built around a voltage source inverter, which is supplied by a
dc capacitor. The inverter consists of GTO switches which are turned on and
off through a gate drive circuit.

The output of the voltage source inverter is connected to that ac system
through a coupling transformer. The inverter produces a quasi sinewave
voltage V) at the fundamental frequency. Let us assume that the losses in the
inverter and the coupling transformer are negligible. The inverter is then
gated such that the output voltage of the inverter ¥} is in phase with the local
bus voltage V. In this situation two ac voltages that are in phase are
connected together through a reactor, which is the leakage reactance of the
coupling transformer. Therefore the current /, is a purely reactive. If the
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magnitude of the voltage V,, is more than that of the voltage V, the reactive
current I, flows from the bus to the inverter. Then the inverter will consume
reactive power. If, on the other hand, the magnitude of ¥, is greater than that
of V,, then the inverter feeds reactive power to the system. Therefore
through this arrangement the STATCOM can generate or absorb reactive
power. In practice however the losses are not negligible and must be drawn
from the ac system. This is accomplished by slightly shifting the phase angle
of the voltage ¥, through a feedback mechanism such that the dc capacitor
voltage is held constant.
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Figure 1.10. A STATCOM connected to an SMIB power system

The structure of the GTO-based VSI must be so chosen that the lower
order harmonics are eliminated from the output voltage. The VSI will then
resemble a synchronous voltage source. Because the switching frequency of
each GTOs must be kept low, overall switch ripple needs to be kept low
without use of PWM. This is accomplished by connecting a large number of
basic inverter modules. The construction of a 48-step voltage source inverter
is discussed in [19]. In this inverter, eight identical elementary 6-step
inverters are operated from a common dc bus. Each of these 6-step inverters
produces a compatible set of three-phase, quasi-square wave output voltage
waveforms. The outputs of these 6-step inverters are added through a
magnetic circuit that contains eighteen single-phase three winding
transformers and six single-phase two winding transformers. This connection
eliminates all low-order harmonics. The lowest order harmonic on the ac
side is 47" while that on the dc side is 48". The line-to-line output voltage of
the 48-step inverter is shown in Figure 1.11 along with the fundamental
voltage. It can be seen that the output is a stepped approximation of the
fundamental sinewave. The construction of a multilevel synchronous voltage
source is given in [20].



16 Chapter 1

500 —

Voltage (V)
o

\

Fundamental Waveform

-500

0 0.005 0.01 0015 002
Time (s)

Figure 1.11. The line-to-line output voltage of a 48-step inverter
1.2.6 Static Synchronous Series Compensator (SSSC)

The static synchronous series compensator is a series device in which a
synchronous voltage source injects a fundamental frequency voltage in series
with the transmission line. The synchronous voltage source is realized by a
multilevel or multi-step voltage source inverter as shown in Figure 1.12.
Since this is a series device, it can be placed anywhere along the
transmission line. Ideally the inverter is operated in quadrature with the line
current such that the voltage source either behaves like an inductor or a
capacitor. In this mode the inverter does not consume or generate any real
power. However, in a practical circuit the inverter losses must be replenished
by the ac system and hence a small phase lag is introduced for this purpose.
There are two modes of operation of this device — one in which the injected
voltage is proportional to the line current and the other in which the injected
voltage is independent of the line current. These modes and their respective
power-angle curves are given in [21]. The non-capacitor like behavior and
the superior operating characteristics makes this device very attractive for
power transmission application. The main limitation of application is due to
the losses and cost of the converter.

1.2.7 Unified Power Flow Controller (UPFC)
The schematic diagram of a UPFC is shown in Figure 1.13. This contains

two voltage source inverters that are connected together through a dc link
capacitor. There are three different ways of operating the UPFC — as a shunt
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controller, as a series controller and also as phase angle regulator. The main
quoted use is for control of power flow when there are alternate paths with
different ratings. The operating characteristics of UPFC are given in [22,23].
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Figure 1.12. An SSSC compensated power system
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Figure 1.13. Schematic diagram of a UPFC

1.2.8 Other FACTS Devices

In addition to the ones mentioned above, there are other power electronic
controllers that are members of the FACTS family. One such device is the
thyristor controlled braking resistor (TCBR) [24]. A power transmission line
has a largely reactive impedance. Thus the power transmitted from a remote
generator over the line reduces drastically during a fault and this causes the
acceleration in the generator rotor angle. A TCBR is connected at the
generator terminals. It is switched on once a fault is detected thereby
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allowing an amount of real power to be dissipated in the resistor during the
fault. It therefore restricts the machine acceleration. Even though this device
does not enhance the power transfer, it increases the system stability limits.
Therefore a generator can operate at a higher steady state load angle which
enhances the power transfer capability.

A thyristor controlled phase angle regulator (TCPAR) injects voltage in
series with a transmission line. As opposed to an SSSC which injects voltage
in quadrature with the line current, the TCPAR injects voltage in quadrature
with the line voltage [25]. Therefore by adjusting the magnitude of the
injected voltage, the phase angle between the sending end and receiving end
voltages can be adjusted. Like a TCBR, the TCPAR also does not increase
the transmittable power through a transmission line. However it increases the
stability limits of the power transfer allowing the system to operate at a
higher power angle provided the thermal limit is not reached.

An interline power flow controller (IPFC) is a FACTS controller
proposed for providing flexible power flow control in a multi-line power
system. In the interline power flow control scheme, two more parallel lines
are compensated by SSSC. These SSSCs are connected to a common de link.
Thus the SSSCs can provide series compensation to the line to which they
are connected. In addition, they can also transfer real power between the
compensated lines. This capability makes it possible to equalize both real
and reactive power between the lines, to transfer power from an overloaded
line to an underloaded line and to damp out system oscillations resulting
from a disturbance [26].

1.3 Power Electronic Applications in Power Distribution
Systems

The flexible ac transmission technology allows a greater control of power
flow. Since these devices provide very fast power swing damping, the power
transmission lines can be securely loaded up to their thermal limits. In a
similar way power electronic devices can be applied to the power
distribution systems to increase the reliability and the quality of power
supplied to the customers. The technology of the application of power
electronics to power distribution system for the benefit of a customer or
group of customers is called Custom Power (CP) since through this
technology the utilities can supply value-added power to these specific
customers [27]. Other applications of power electronics are to improve the
power quality to general customers in a region.

Custom power provides an integrated solution to the present problems
that are faced by the utilities and power distributors. Through this
technology the reliability of the power delivered can be improved in terms of
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reduced interruptions and reduced voltage variations. The proper use of this
technology will benefit all the industrial, commercial and domestic
customers. In this book we shall discuss this technology and its implication
to the customers.

The custom power devices are basically of two types — network
reconfiguring type and compensating type. The network reconfiguring
equipment can be GTO based or thyristor based. They are usually used for
fast current limiting and current breaking during faults. They can also
prompt a fast load transfer to an alternate feeder to protect a load from
voltage sag/swell or fault in the supplying feeder. The following devices are
members of the family of network reconfiguring devices:

1. Solid State Current Limiter (SSCL): This is a GTO based device that
inserts a fault current limiting inductor in series with the faulted circuit as
soon the fault is detected. The inductor is removed from the circuit once
the fault is cleared.

2. Solid State Circuit Breaker (SSCB): This device can interrupt a fault
current very rapidly and can also perform auto-reclosing function. This
device, based on a combination of GTO and thyristor switches, is much
faster than its mechanical counterpart and is therefore an ideal device for
custom power application.

3. Solid State Transfer Switch (SSTS): This is usually a thyristor based
device that is used to protect sensitive loads from sag/swell. It can
perform a sub-cycle transfer of the sensitive load from a supplying feeder
to an alternate feeder when a voltage sag/swell is detected in the
supplying feeder. An SSTS can also be connected as a bus coupler
between two incoming feeders.

The compensating devices are used for active filtering, load balancing,
power factor correction and voltage regulation. The active filters, which
eliminate the harmonic currents, can be connected in both shunt and series.
However, the shunt filters are more popular than the series filters because of
greater ease of protection. Some of these devices are used as load
compensators, i.e., in this mode they correct the unbalance and distortions in
the load currents such that compensated load draws a balanced sinusoidal
current from the ac system. Some others are operated to provide balanced,
harmonic free voltage to the customers. The family of compensating devices
has the following members:

1. Distribution STATCOM (DSTATCOM): This is a shunt connected
device that has the same structure as that of a STATCOM shown in
Figure 1.10. This can perform load compensation, i.e., power factor
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correction, harmonic filtering, load balancing etc. when connected at the
load terminals. It can also perform voltage regulation when connected to
a distribution bus. In this mode it can hold the bus voltage constant
against any unbalance or distortion in the distribution system. It is
however to be noted that there is a substantial difference in the operating
characteristics of a STATCOM and a DSTATCOM. The STATCOM is
required to inject a set of three balanced quasi-sinusoidal voltages that
are phase displaced by 120°. However the DSTATCOM must be able to
inject an unbalanced and harmonically distorted current to eliminate
unbalance or distortions in the load current or the supply voltage.
Therefore its control is significantly different from that of a STATCOM.

2. Dynamic Voltage Restorer (DVR): This is a series connected device that
has the same structure as that of an SSSC shown in Figure 1.12. The
main purpose of this device is to protect sensitive loads from sag/swell,
interruptions in the supply side. This is accomplished by rapid series
voltage injection to compensate for the drop/rise in the supply voltage.
Since this is a series device, it can also be used as a series active filter.
Even though this device has the same structure as that of an SSSC, the
operating principles of the two devices differ significantly. While the
SSSC injects a balanced voltage in series, the DVR may have to inject
unbalanced voltages to maintain the voltage at the load terminal in case
of an unbalanced sag in the supply side. Furthermore when there is a
distortion in the source voltage, the DVR may also have to inject a
distorted voltage to counteract the harmonic voltage.

3. Unified Power Quality Conditioner (UPQC): This has the same structure
as that 'of a UPFC shown in Figure 1.13. This is a very versatile device
that can inject current in shunt and voltage in series simultaneously in a
dual control mode. Therefore it can perform both the functions of load
compensation and voltage control at the same time. As in the case of
DSTATCOM or DVR, the UPQC must also inject unbalanced and
distorted voltages and currents and hence its operating characteristics are
different than that of a UPFC.

One example of how the power electronic based custom power devices
can protect a sensitive load is given in [27]. Consider the distribution system
given in Figure 1.14. This contains a sensitive load in addition to other
regular loads. The loads are supplied by two independent incoming feeders
A and B. Normally the SSTS is connected such that the sensitive load is
supplied by the feeder A and the other regular loads are supplied by the
feeder B. Therefore any fault upstream or downstream in Feeder-B does not
affect the sensitive load. For a fault upstream in Feeder-A, the solid state
circuit breaker 1 opens and the sensitive load is transferred to Feeder-B in
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less than a cycle by the SSTS. In the same way, the sensitive load can also
be transferred to Feeder-B in case of voltage sag/swell in feeder A. Also the
voltage of the sensitive load can be regulated by a DSTATCOM. This
DSTATCOM can eliminate any fluctuation in the load terminal voltage. In
case of a fault at the distribution bus, the SSCB 2 opens to isolate the fault
quickly and the DSTATCOM supplies power to the load. However this can
only be a temporary arrangement as a DSTATCOM has that much stored
energy to ride through during a fault. Once the mechanical breakers clear the
fault and SSCB 2 is closed, the sensitive load starts getting its supply from
the feeder. The dc capacitor of the DSTATCOM then gets charged by
absorbing power from the feeder.

Figure 1.14. A hypothetical distribution system equipped with custom power devices

High quality power to commercial customers can be supplied using the
various custom power devices in a custom power park [28]. Such a park gets
its supply from two incoming feeders that are coupled by a solid state
transfer switch. Every consumer of this park must pay a premium tariff for
the electricity consumption. Moreover there will be gradation in the price
structure depending upon the service they are provided with. For example
the lowest grade consumers will get almost uninterrupted supply. Their
supply is guaranteed unless there is a catastrophic failure in which both
incoming feeders are lost. The next higher grade customers are supplied
power through a diesel-generator set when both incoming feeders are lost.
Therefore they get almost uninterrupted power except for the time required
to start up the diesel generator. Even higher grade customers, in addition to
the services provided to the lower grade customers can have the benefit of a
DSTATCOM or DVR or even a UPQC. Their power will be totally
uninterrupted, as these compensating devices have to ability to provide the
ride through during the start up time of the diesel generator set. Furthermore,
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the highest grade customer will also get supply voltages that are free from
harmonics or unbalance due to the presence of the compensating devices.

1.4 Distributed Generation

Throughout the last century and in the present, the size of generating
plants has been increasing. A new trend however is emerging currently, in
which significantly smaller sized generating units are being connected at the
distribution level. Some of the factors that contribute to this trend are listed
below.

— Greenhouse gas issues have become very significant in many countries to
consider dispersed energy sources such as solar, wind and wave that
operate with smaller sized units.

— Local generating units using gas microturbines are becoming more
economical when the transmission and distribution overheads are taken
into account. Fuel cells are still more expensive but have been showing
great promise for low cost reliable small size generation units.

~ Even though solar cells currently require a very large area and substantial
investments, they can be used for power in large office buildings during
business hours.

— The move to open competitive markets in electricity has increased the
uncertainties of supply. A notable example is the Californian market in
2000/2001 where customers saw increased cost of energy and rolling
blackouts. In response to this uncertainty of central supply there was a
massive increase in demand for back-up generation with the possibility of
generation back into the grid when conditions suited.

— In medium sized industrial plants or large buildings with a significant
heating load, co-generation is becoming more attractive. The local
generation of electricity also provides waste heat that can supply much of
the heating needs of the local processes.

The following means are used for distributed generation [29,30]

— Reciprocating Piston Engine Generators: These are the most popular
types of distributed generation (DG) units that are used world wide. The
size of these units varies between 5 kW to 25 MW. These units run on
fossil fuels like petrol (or gasoline) or diesel and run the alternator at low
speeds. Even though diesel is the most popular form of fuel for these sets,
its use in these units increases the environmental pollution. Therefore
either these units are placed in sparsely populated areas or their exhausts
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are treated to extract the harmful gases. Preferably both these methods
should be used.

— Gas Turbine Generators: Combustible gases rotate the furbines of these
generators. Note that the same technology is used for large alternators of
capacity 500 MW or more. However for DG smaller alternators in the
mini and micro range are used. These turbines produce hot exhaust gases.
These gases can be trapped for cogeneration purposes or for non-electric
use.

— Fuel Cells: These are like chemically powered batteries that produce dc
currents by converting chemical energy of an electrolyte into electricity.
A typical fuel cell requires both gaseous fuels and oxidants. The most
preferred gaseous fuel is hydrogen because it is highly reactive and does
not require much catalytic agents. Electricity is produced when the
hydrogen fuel reacts with an oxidant like oxygen. The byproduct in this
case is water. Such a fuel cell is ideal from the environmental point of
view and it is expected that this will be used by the automobile industry
in the near future.

— Renewable Energy: A vast majority of the energy sources that are already
available on our earth is not tapped because the technology has not
advanced enough to harvest them at a reasonable cost. These energy
sources include solar, geothermal, wind wave and tidal. The biggest
challenge of the 21* century is to utilize these abundant resources in an
environmentally friendly way. The various renewable energy conversion
options that already exist are solar thermal power generation or solar
pond by trapping solar energy through reflectors, photovoltaics cells to
convert solar energy into electricity, windfarms to utilize wind at the
seashores to run wind turbines, geothermal power generation through the
trapped energy under the ground etc. In addition to these energy can also
be trapped from the oceans through wave, tidal or ocean currents.
However significant investment in research and development is required
to reach the stage when all or some of the above-mentioned processes
become viable for the production of inexpensive electricity.

This expansion of distributed generation has the potential to significantly

change the nature of the distribution system and the associated power quality
issues.
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Chapter 2

Characterization of Electric Power Quality

The term electric power quality broadly refers to maintaining a near
sinusoidal power distribution bus voltage at rated magnitude and frequency.
In addition, the energy supplied to a customer must be uninterrupted from
the reliability point of view. It is to be noted that even though power quality
(PQ) is mainly a distribution system problem, power transmission systems
may also have an impact on the quality of power. This is because the modern
transmission systems have a low resistance to reactance ratio, resulting in
low system damping. Usually, a well-designed generating station is not a
source of trouble for supplying quality power. The generated system
voltages are almost perfectly sinusoidal. Moreover in many cases the utilities
operate with a spinning reserve which ensures that the generating capability
remains more than the load may demand. In some cases, a temporary
shortfall in generation is overcome by reducing the peak of the generated
voltage to reduce power consumption.

As mentioned above the PQ problems start with transmission systems. In
order to transmit power over a long distance, the generated voltage is
stepped up by transformers. However, this high voltage transmission has its
own problem due to corona and other losses. These high voltage lines are
hung overhead between two tall transmission towers. Near the towers, they
are supported by long porcelain insulators that are connected to steel towers.
The towers and the lines are exposed to nature. Therefore they are ideal
targets for lightning strikes that cause spikes in the transmitted voltage.
Moreover, high wind may cause two sagging transmission lines to come near
each other causing arcing, momentary transients in voltages or voltage
sag/swell. Flashover is a typical problem of dusty and arid regions. Usually
the insulators in these regions are covered with dust for most part of the year,
especially after a dust storm. A few droplets of water from a light shower or

A. Ghosh et al., Power Quality Enhancement Using Custom Power Devices
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mist can mix with the dust to form a conductive path. This causes a flashover
in the conductors resulting in a voltage sag followed by a voltage swell.

Most PQ problems occur in distribution systems. In most metropolitan
cities, the distribution feeders run underground in the central business
districts. In most other places the feeders run overhead. As a result these
lines can easily come in contact with trees. Furthermore, they are likely to be
hit by lightning or suffer from interference from birds and smaller animals.
Moreover distribution systems feed loads directly. It is at these low voltage
connections that the power quality becomes significantly worse. As we shall
see later, a single customer can impose its harmonics and the effect of
unbalanced loads on other customers. The utility has very little control over
the loads. Furthermore, switching on of a large induction motor can cause a
large inrush current to flow in that circuit causing a voltage dip in other parts
of the system. In addition, some of the loads may have poor power factors
causing unnecessary power loss in the distribution feeders. However, as we
shall see in the later chapters, modern power electronic based systems
provide solutions to some of the problems created by customers.

Based on the above discussions, we can summarize that there are two
different categories of causes for the deterioration in power quality. The first
category contains natural causes such as

— Faults or lighting strikes on transmission lines or distribution feeders.

— Falling of trees or branches on distribution feeders during stormy
conditions.

— Equipment failure.

The second category contains the man made causes that may be due to load
or feeder/transmission line operation. Some of these causes are

— Transformer energization, capacitor or feeder switching.

— Power electronic loads such as uninterrupted power supply (UPS),
adjustable speed drives (ASD), converters etc.

— Arc furnaces and induction heating systems.

— Switching on or off of large loads.

Before we discuss the PQ problems, let us briefly review the terms and
definitions used in the context of power quality. For more details, refer to the
book by Dugan et al [1]. Also various aspects of power quality issues are
regularly discussed in the Electrotek Concepts’ Internet site PQ Network
[2-5].
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2.1 Power Quality Terms and Definitions

The power quality standards vary between countries. However, it is
needless to say that poor quality power affects almost all consumers. It is
therefore important to list the terms and definitions that are used with power
quality. In particular, we shall consider the following

— Transients.

— Short duration voltage variations.
— Long duration voltage variations.
— Voltage imbalance.

—  Waveform distortions.

— Voltage fluctuations.

~ Power frequency variations.

2.1.1 Transients

A transient is that part of change in a system variable that disappears
during transition from one steady-state operating condition to another.
Transients can be classified into two categories — impulsive transients and
oscillatory transients. An impulsive transient is a sudden, non-power
frequency change in voltage, current etc that is unipolar in nature. The
polarity of such a transient can be either positive or negative. Impulsive
transients have a very fast rise time and also a very fast decaying time. These
transients are mainly caused by lightning strikes. Impulsive transients
usually do not conduct far the point of their entry into the power system. The
distance to which an impulsive transient travels along a feeder depends on
the particular system configuration. Let us consider the following example.

Example 2.1: Consider the radial power system, the single-line diagram
of which is shown in Figure 2.1. In this the source supplies two buses to
which loads are connected. A fixed capacitor can be connected to load Bus-1
through the switch. The system frequency is assumed to be 50 Hz and the
peak of the supply (or source) voltage is assumed to be 1.0 per unit such that
the instantaneous source voltage is given by the expression 1.0 sin(1007)
per unit. The loads are assumed to be inductive. The per unit load and feeder
impedances are given as

Load at Bus-1=2.0 +,1.5, Load at Bus-2 =2.55 +1.25
Feeder-1 impedance = 0.05 + 0.3, Feeder-2 impedance = 0.075 + 0.4

The capacitor has an admittance of j0.0157 per unit.
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Figure 2.1. Single-line diagram of a radial distribution system
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Let us first assume that the capacitor is not connected to Bus-1. We want
to investigate the impact of a lightning near the supply point on the system
voltages and currents. The voltage impulse is shown in Figure 2.2 (a). The
resulting waveforms are shown in Figure 2.2 (b-d). It can be seen that there
is a momentary spike in the bus voltages. However, the spike in the Bus-2
voltage has a reduced magnitude compared to the voltage of Bus-1. The
impact is felt on the feeder current as well.
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Figure 2.2. System response to a voltage impulse when the capacitor is not connected

Let us now investigate the system response to an impulsive transient
when the capacitor of Figure 2.1 is connected to the system. This is shown in
Figure 2.3 when the same transient as shown in Figure 2.2 (a) is applied at
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the same location (i.e., near the source). It can be seen that the transients in
the feeder currents and the bus voltages have a different nature in this case
than shown in Figure 2.2. Comparing the Feeder-1 current of Figure 2.2 (b)
with that shown in Figure 2.3 (a), it can be seen that the current in this case
has a peak of about 2.0 per unit and also undergoes a prolonged transient.
Interestingly, Bus-1 voltage in the previous case (Figure 2.2 c) has a peak of
about 7.0 per unit while it has a peak of less than 4.0 per unit in this (Figure
2.3 ¢), even though the oscillation sustains for about 3 cycles in the present
case. Similarly, there is also a sustained oscillation in the bus 2 voltage as
shown in Figure 2.3 (d). However, as in the previous case, the overshoot has
reduced as we move away from the location of the impulse strike.

AAA

(a) Feeder-1 Current (pu) (b) Feeder-2 Current (pu)
by 4

0 0.05 01 0 0.05 0.1
(c) Bus-1 Voltage (pu) (d) Bus-2 Voltage (pu)

0 0.05 0.1 0 005 0.1
Time (s) Time (s)

Figure 2.3. System response to a voltage impulse when the capacitor is connected

An oscillatory transient is usually bipolar in nature. It has one or more
sinusoidal components that get multiplied by a decaying term. A typical
oscillatory transient is shown in Figure 2.4. These transients may have more
than one oscillating frequency depending on the modes that get excited. For
example, the transient of Figure 2.4 is of the form e™(sin @z + sin ). This
transient has oscillation frequencies of 750 kHz and 700 kHz and a decaying
time constant of 2 ms.

Oscillatory transients are classified in accordance with their frequency.
An oscillatory transient with a primary frequency greater than 500 kHz is
considered high frequency transients. A transient within the frequency range
of 5 kHz to 500 kHz is considered a medium frequency transient and
anything below 5 kHz is termed as a low frequency transient. The principal
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cause of low frequency transient is ferroresonance and transformer
energization [1,2].

Voltage (pu)

"~ 0002 0004 0006 0008 001
Time (s)

Figure 2.4. A typical oscillatory voltage transient

Typical causes of oscillatory transients are capacitor or transformer
energization and converter switching. Sometimes an impulsive transient
causes an oscillatory transient. For example, consider the waveforms shown
in Figure 2.3. Low frequency oscillation is exhibited in both voltage and
current in this case. These oscillations are caused by the presence of the
shunt capacitor in Bus-1. Similarly, transient oscillations are exhibited in a
system when a capacitor is suddenly energized. For example, consider the
distribution system of Figure 2.1. Let us assume that the system is operating
in the steady state when the capacitor across Bus-1 is suddenly connected to
the bus by closing the switch.

The results are shown in Figure 2.5. It is assumed that the capacitor is not
precharged. Hence the transient behavior will depend upon the time on
closing the switch. For example, if the switch is closed near the zero crossing
of the bus voltage, the transient oscillation in the bus voltage and the
capacitor current will be minimal as shown in Figure 2.5 (a) and (b). On the
other hand, if the switch is closed near the peak of the bus voltage, there will
be very severe oscillations in these quantities as shown in Figure 2.5 (c) and
(d). Note that the system frequency chosen for the study is 50 Hz and the
peak of the source voltage is 1.0 per unit.
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Figure 2.5. Transient caused by capacitor switching
2.1.2 Short Duration Voltage Variations

Any variation in the supply voltage for duration not exceeding one
minute is called a short duration voltage variation. Usually such variations
are caused by faults, energization of large loads that require large inrush
currents and intermittent loose connection in the power wiring. Short
duration variations are further classified as voltage sags, voltage swells and
interruptions. These are shown in Figure 2.6.
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Figure 2.6. Short duration voltage variations
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A voltage sag is a fundamental frequency decrease in the supply voltage
for a short duration. The duration of voltage sag varies between 5 cycles to a
minute. Voltage sags are typically caused by system faults, but can also be
caused by energization of heavy loads. Voltage swells are defined as the
increase of fundamental frequency voltage for a short duration. Voltage
swells are not as common as voltage sags. One possible reason for their
occurrence is due to the temporary rise in the voltage of an unfaulted phase
during a single-line-to-ground fault. The severity of a swell that will be
experienced by a load depends on its proximity to the fault [ocation, system
impedance and grounding. Let us consider the following example.

Example 2.2: Consider the distribution network shown in Figure 2.7. It is
assumed that the network is supplied by a 3-phase, 33 kV, 50 Hz source with
grounded neutral. The source is connected to a A-Y (33 kV:I1 kV)
transformer with ungrounded neutral. Each of the two feeders supplies a
three-phase Y-connected balanced RL load. The per phase system
parameters in a | MVA base are:

Load at Bus-2 =2 +;2, Load at Bus-3 = 0.686 + ;1.4
Feeder-1 impedance = 0.1 + 0.4, Feeder-2 impedance = 0.5 + ;2

® @

Feeder-1 |

Source ﬂ
‘b/ Ay Feeder-2

Load

Figure 2.7. A three-bus distribution system

With the system operating in the steady state a single-line-to-ground
(1LG) fault has been created at Bus-2. The fault occurs after 2 cycles of
steady state operation. The duration of the fault is 2.5 cycles. After this
period the system is restored to its pre-fault state. The three-phase voltages
of Bus-3 are shown in Figure 2.8. It can be seen that while the voltage of
phase-a exhibits a voltage sag, the voltage at the other two phase swell. In
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fact the peak of the voltage in phase-c during the swell is higher than the
peak of the voltage in phase-b during this period.
AAA

Bus-3 Voltages for a 1LG fault at Bus-2
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Figure 2.8. Voltage sag/swell due to 1LG fault

An interruption occurs when the supply voltage (or load current)
decreases to less than 0.1 per unit for a period of time not exceeding 1
minute. It is caused by system faults, equipment failure and control
malfunction. The time duration of such an interruption is dependent upon the
operating time of the protective device.

2.1.3 Long Duration Voltage variations

These are defined as the rms variations in the supply voltage at
fundamental frequency for periods exceeding 1 minute. These variations are
classified into overvoltages, undervoltages and sustained interruptions. An
overvoltage (or undervoltage) is a 10% or more increase (or decrease) in rms
voltage for more than 1 minute. In a weak (i.e., poor voltage regulated)
system the switching off of a large load or the energization of a large
capacitor bank may result in an overvoltage. An undervoltage is the result of
an event, which is a reverse of the event that causes overvoltage. The term
brownout is often used to describe sustained periods of undervoltage due to
specific utility strategy to reduce power demand. When the supply voltage is
zero for a period of time in excess of 1 minute, the long duration voltage
variation is called sustained interruption. Human intervention is required
during sustained interruptions for repair and restoration.
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2.14 Voltage Imbalance

This is the condition in which the voltages of the three phases of the
supply are not equal in magnitude. Furthermore, they may not even be
equally displaced in time. The primary cause of voltage unbalance is the
single-phase loads in three-phase circuits. These are however restricted to
within 5%. Severe imbalance (greater than 5%) can result during single
phasing conditions when the protection circuit opens up one phase of a
three-phase supply. For example consider the distribution system of Figure
2.7. Let us consider the case in which the phase-a circuit breaker of Feeder-1
is opened accidentally. The Bus-3 voltages are shown in Figure 2.9. It can be
seen that while the phase-a voltage swells significantly, the voltage of phase-
b sags. The magnitude of the phase-c voltage remains almost constant.

Bus-3 Voltages when Phase-a of Feeder-1 is Disconnected
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Figure 2.9. Voltage imbalance due to loss of a phase
2.1.5 Waveform Distortion

This is the steady-state deviation in the voltage or current waveform from
an ideal sine wave. These distortions are classified as dc offset, harmonics
and notching. The major causes of dc offsets in power systems are
geomagnetic disturbance and half-wave rectification. The offsets due to
geomagnetic disturbances are especially severe in higher latitudes. Poor
grounding can also result in dc offsets. The presence of a load drawing dc
current results in a dc component of the current in the secondary of a
distribution transformer. This current will cause a dc bias in the sinusoidal
flux of the transformer core. The increased peak value of the flux may push
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the transformer towards saturation. As a consequence there will be heating in
the transformer coil and core due to excessive magnetizing current and core
losses. One remedy for this problem is to use a larger area in the magnetic
circuit of the transformer core to accommodate dc bias. This is usually done
in special rectifier transformers but hardly ever in distribution transformers.

Power electronic loads like UPS, adjustable speed drives etc usually
cause harmonics in power system. A measure of harmonic content in a signal
is the total harmonic distortion (THD). The percentage THD in a voltage is
given by [6]

NS
THD="2 2.1
v (2.1)

1

where ¥, denotes the magnitude of the n" harmonic voltage and ¥, is the
magnitude of the fundamental voltage. A similar expression can also be
written for current harmonics. For example, consider the distorted waveform
shown in Figure 2.10 (a). It contains a 50 Hz fundamental, plus 34 s gt
9" and 11™ harmonics with their magnitudes being reciprocals of their
harmonic numbers. Here the harmonic number implies the order of
harmonics, i.e., 3" harmonic has a harmonic number of 3, 5" harmonic has a
harmonic number of 5 etc. The fundamental voltage waveform is also shown
in Figure 2.10 (a). The harmonic spectrum of the distorted waveform is
shown in Figure 2.10 (b). From this we calculate the THD as
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Usually for good quality power it is recommended that the THD be less than
3%. We shall however define limits of harmonic distortions in Chapter 3.
Notching is a periodic voltage distortion due to the operation of power
electronic converters when current commutates from one phase to other.
During this period there is a momentary short circuit between the two phases
that distorts voltages. The maximum voltage during notches depends on the
system impedance. The frequency components that are associated with
notches are usually very high. Assume that a three-phase diode bridge
rectifier load is supplied by a source through a feeder. The voltage of one
phase at the terminal in which the rectifier is connected is shown in Figure
2.11 along with the feeder (line) current in the same phase. It can be seen
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that the voltage has two types of disturbances — one due to the current in the
same phase while the other is at the end of commutation in some other
phase. The notches in the phase voltage coincide with the rising or falling
edge of the line current of the same phase in both half cycles. In addition to
this, high frequency oscillations occur even when line current in the same
phase is constant. These high frequency oscillations are associated with
sudden change in output voltage due to commutation in the other phases.
The oscillations during these disturbances and their damping are a function
of the RC values in the snubber circuit used in the rectifier [7].
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Figure 2.10. (a) Distorted voltage waveform and (b) its harmonic spectrum
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Figure 2.11. Notch in voltage due to rectifier action
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2.1.6 Voltage Fluctuations

These are systematic random variations in supply voltages. A very rapid
change in the supply voltage is called voltage flicker. This is caused by rapid
variations in current magnitude of loads such as arc furnaces. In an arc
furnace, a large inrush current flows when the arc strikes first. This causes a
dip in the voltage of the bus to which the furnace is connected. Therefore
other customers that are supplied by the same feeder face regular severe
voltage drops unless the supply bus is very stiff. Voltage flicker is discussed
in details in the next chapter.

2.1.7 Power Frequency Variations

These variations are usually caused by rapid changes in the load
connected to the system. For example, the supply frequency may drop during
the operation of large drag lines in a comparatively low inertia system. It is
however desirable that the supply frequency does not deviate too much from
the nominal frequency of 50 or 60 Hz. The maximum tolerable variation in
supply frequency is often limited within + 0.5 Hz. The frequency is directly
related to the rotational speed of the generators supplying them. Thus a
sustained operation outside the tolerable frequency range may reduce the life
span of turbine blades on the shaft connected to a generator. Furthermore, if
the frequency falls below a certain threshold, an under frequency relay may
trip to protect the turbine blades.

2.1.8 Power Acceptability Curves

These curves quantify the acceptability of supply power as a function of
duration versus magnitude of bus voltage disturbances. One of these curves
was originally developed by Computer Business Equipment Manufacturers
Association (CBEMA) to set limits to the withstanding capabilities of
computers in terms of the magnitude and duration of the voltage disturbance.
The CBEMA curve has however become a de facto standard for measuring
the performance of all types of equipment and power systems.

In the CBEMA curve shown in Figure 2.12 there are two traces — one
for overvoltage and the other for undervoltage. These show the percent bus
voltage deviation from the rated voltage against time. The region below the
upper trace and above the lower trace is the acceptable range. This region
defines the tolerance level. For example an overvoltage of very short
duration can be tolerable if it is in the acceptable region. Again a computer
may be able to sustain about 5-6% overvoltage for a prolonged period of
time. Similarly operating below the lower trace is also not permissible.
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Figure 2.12. The CMEMA curve

The CBEMA curve was originally designed in 1970 for mainframe
computers. But the curve has been used to quantify the voltage tolerance
limits of adjustable speed drives, fluorescent lighting, microprocessor based
controller etc [8]. The Information Technology Industry Council (ITIC)
redesigned the CBEMA curve in the later half of the 1990s. The ITIC curve
describes the acceptable range in steps rather than smooth curves used in
CBEMA. In addition to these two curves the other power acceptability
curves are FIPS curve for automatic data processing equipment and IEEE
standards [8].

2.2 Power Quality Problems

Of the terms and definitions of PQ that are listed in the previous section,
some of the major concerns of both customers and utility are

— Poor load power factor

— Harmonic contents in loads
— Notching in load voltages
— DC offset in load voltages
— Unbalanced loads

— Supply voltage distortion

— Voltage sag/swell

— Voltage flicker
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We shall now discuss their implications separately.
2.2.1 Poor Load Power Factor

Consider a distribution system in which a source is supplying an
inductive load through a feeder. The feeder has a resistance of R, and a
reactance of X,. The feeder current is denoted by I, and the load voltage is
denoted by V. The load power factor is lagging and the power factor angle is
denoted by 6. The system phasor diagram is shown in Figure 2.13 (a). In
this diagram the load current is resolved into a real part [, = |1, cos#) and a
reactive part I, = ‘I,\|sin9,. Of these two components, the work done
depends only on the real power.

1 sp Iy, 4

— ,y =
/o,

(a) (b)
Figure 2.13. (a) Poor power‘ factor and (b) its improvement by a shunt capacitor

Now suppose the load power factor is poor, i.e., the load has a large X/R
ratio. Then the power factor angle 6 will be large. This implies that the
reactive component of the current is large and hence the magnitude of the
load current Tl_vi is also large. This will not only cause a significant drop in
the feeder voltage but there will also be a large amount of | I,12R, loss. This
loss is associated with high heat dissipation in the feeder. Excessive heat
may reduce the life span of the feeder.

To correct the large feeder drop, let us assume that as a remedial action
we connect a capacitor in parallel with the load. This capacitor draws a
current /. that is in phase opposition to /,,. The resulting current drawn by the
capacitor-load combination is denoted by /. This is shown in Figure 2.13
(b). It can be seen that even though the real component of the current
remains the same, the magnitude of the current drawn from the source has
reduced considerably. This is because the reactive component of the current
drawn has reduced considerably and, as a consequence, the power factor
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angle has decreased. Therefore, to operate the feeder in an optimal fashion,
the power factor at the load should be maintained near unity. In an ideal
situation, the load power factor should be unity. However this may always
not be achievable. With the improvement in the power factor, the line drop
decreases resulting in better voltage regulation at the load as well.

222 Loads Containing Harmonics

It is well known that any nonsinusoidal but periodic signal can be
decomposed into a fundamental component (50 or 60 Hz for power systems)
and its integer multiples called the harmonic components. The harmonic
number usually specifies a harmonic component, which is the ratio of its
frequency to the fundamental frequency. For example when the fundamental
frequency is 50 Hz, a harmonic with a number of 3 (3" harmonics) will have
a frequency of 150 Hz. The harmonic components that are integer multiples
of the 3" harmonic (e.g., 6", 9™ etc) are called triplen. In power systems, the
electrical components are symmetrical. Therefore, the current drawn in the
positive half cycles is the exact mirror image of the current drawn in the
negative half cycles. Such symmetrical waveforms cannot contain any even
harmonics. Transformer saturation and rectifier loads are examples of
components typically exhibiting these symmetries. There is another form of
symmetry in a 3-phase, 3-wire system. Assume that the harmonic current in
phases-b and ¢ are identical to that of phase-a but is delayed by 2n7/3 and
4nm'3 respectively where n is the harmonic number. The currents at each
triplen frequency are then in phase with each other. Without a neutral they
have no return path to flow just like a zero sequence current and thus must
individually be zero. The triplen currents may however circulate inside a A-
connected winding of a transformer. The triplen currents may also be present
in a three-phase, four-wire system as the neutral wire provides a path for
them to flow. Usually in power system even harmonics are less common.
There the harmonics in a three-phase system are of the type (6g + 1) and 3¢
whereg=1,2,3, ...

Power electronic loads are the major source of harmonic generation in
power systems. Consider an example where a new main frame computer
system has been installed in a multistoried office building. At the same time,
to protect the computer, a very large uninterrupted power supply (UPS) has
also been installed. The UPS employs power electronic switches and as a
result it can cause interference to the loads that are connected in parallel with
the UPS. Assuming that all the loads of the office building are placed on the
same bus, the UPS can cause screens of many smaller computers to flicker
or roll and can even cause these computers to freeze. It can also cause other
electronic circuits to malfunction. For example, it can change the timing
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sequence of the elevator control circuit. In the Indian Institute of Technology
Kanpur campus in Northern India the power is supplied by a 33 kV feeder.
The incoming voltage is stepped down by a 33 kV/I1 kV, 5 MVA
transformer and power is then distributed to various facilities through five
substations. In one such substation, the UPS of the main computer center is
connected and so is the computerized telephone exchange. In an incident in
the late 1990s, the ac input voltage to the telephone exchange became
triangular with a peak of 600 V due to harmonic contamination by the UPS
when the expected nominal fundamental voltage has a peak of 325 V. The
power supply of the telephone exchange was damaged due to this. Harmonic
contamination can also upset ripple control systems thereby causing street
light control system or hot water control system to malfunction.

Let us now consider the impact of a harmonic current on a power
distribution system. Consider the three-bus radial distribution system shown
in Figure 2.14 in which three separate loads are being supplied by a single
source. Load-1 is connected to Bus-2 while the other two loads are
connected to Bus-3. Two feeders join the three buses. Now suppose out of
these three loads, Load-2 is drawing harmonic current. This will cause a
harmonic current to flow through both the feeders. Due to the presence of
the feeder impedances this harmonic current will cause a harmonic voltage
drop at Buses 2 and 3. Bus-1 is connected to a source and hence its bus
voltage will not have any harmonic component. We shall call any such bus a
stiff bus. Since both Bus-2 and Bus-3 voltages are distorted, the currents
drawn by Load-1 and Load-3 will also get distorted as a consequence even if
they are linear loads. This is undesirable and might even be unacceptable.
Let us consider the following example.

Figure 2.14. Single-line diagram of a power distribution system
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Example 2.3: Consider the circuit of Figure 2.14 where the three-phase
balance supply voltage has a magnitude of 11 kV (L-L, rms) and the system
frequency is 50 Hz. In a base of 11 kV (L-L) and 1 MVA, each of the two
feeders has a per unit impedance of 0.1 + j0.1. Load-1 and Load-3 are
grounded Y-connected passive RL loads with per phase impedances of
2.0 + ;3.0 per unit and 3.0 + ;3.0 per unit respectively. Load-2 constitutes a
three-phase diode bridge rectifier, the dc side of which is connected to a
151 Q resistor. This rectifier will cause distortions in the system quantities.

Figure 2.15 depicts the phase-a voltages and currents at various parts of
the circuit. Figure 2.15 (a) shows the voltage at Bus-3 while the voltage at
Bus-2 is shown in Figure 2.15 (b). The current drawn by the rectifier load is
shown in Figure 2.15 (c) and the current through Feeder-1 is shown in
Figure 2.15 (d). It can be seen that all these quantities are distorted.
Therefore we can conclude that the presence of a nonlinear load can cause
distortions in voltages and currents of a distribution network. If the current
drawn by the nonlinear loads is higher compared to those drawn by the linear
loads, then the distortion in the bus voltages at various parts of the network
will be significant. As a result distortion in the linear load currents will also
be high making the THD of these quantities unacceptable.

AAA
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Figure 2.15. Harmonic distortion caused by a rectifier load
Harmonics can affect loads through several mechanisms. For example,

— the presence of harmonics can cause additional losses in induction
motors, especially when they are operating close to their rated values.



2.Characterization of Electric Power Quality 45

Moreover, due to the additional losses that are created by harmonic
currents, the overall heating may increase leading to premature failure of
the motors.

— the supply voltage is used for timing purposes in many cases. For
example, supply voltage cycles are counted to get timing information for
digital clocks. Similarly many items of power electronic equipment, such
as phase controlled thyristor circuits, use the zero crossing of the supply
voltage to generate trigger pulses for the semiconductor devices. A
distorted voltage waveform can create false triggering of the timing
circuits.

223 Notching in Load Voltage

With rectifier loads there are commutation periods where the line to line
voltage falls to zero. This effect is due to the finite inductance in the supply.
Thus this causes a finite time for the current to fall to zero in one phase and
transfer to another. As we have seen in Figure 2.11 that the presence of a
large phase controlled rectifier will cause notches in the phase voltage. One
case where these notches caused problems was in a concert hall. A new lift
with a phase control was installed on the output of the same transformer
supplying the microphone and stage lights. A simple dimmer circuit
controlled the stage lights. This circuit measured the time from the zero
crossing to determine the firing angle. When the lift was used, the firing
angle for the lift controller changed and the notch moved along the
waveform. When the notch neared the zero crossing of the phase voltage,
there was a step change in the dimming level. The solution to this problem is
often to provide the high power loads from a separate transformer. In this
case there was additional inductance added at the lift motor such that the
depth of notch seen by the dimmers was significantly reduced.

2.2.4 DC Offset in Loads

Consider again the distribution system shown in Figure 2.14. Let us
assume that phase-a of Load-2 contains a half-bridge rectifier that draws dc
current from the source. The output of the rectifier is connected to a 75 Q
resistor. The other two phases are unconnected. The feeder and remaining
load parameters are as given in Example 2.3. The phase-a voltages and
currents are shown in Figure 2.16. It can be seen that since the Load-2
current is dc, the source current also has a dc offset. The voltages both at
Bus-2 and Bus-3 also have dc offsets. However, the voltage offset at Bus-2
is smaller compared to that of Bus-3. Further, the harmonic distortion at this
bus is insignificant compared to that of Bus-3.
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Figure 2.16. Effect of dc current in a distribution network

There are two main implications of the presence of a dc current in an
electricity supply system. Usually a supply system is equipped with a
transformer that changes the voltage levels in accordance with the need of
the consumers. It was mentioned earlier that a dc current can offset the flux
excursions in a distribution transformer. The positive flux excursion
becomes heavily saturated while the negative excursion is well within the
linear range. As a result the magnetic core of the transformer gets heavily
saturated resulting in excessive heating.

The other aspect of the dc current is the earth path. The return path for a
dc current can often involve current through the earth. This will sometimes
involve the dc current passing through buried structures such as pipes or
reinforced steel. The dc current greatly enhances corrosion of metallic
structures as it carries the metallic ions in the direction of the current flow.

2.25 Unbalanced Loads

In a three-phase supply there is an expectation that the voltages in each
phase will be equal in magnitude and are 120° phase shifted from each other.
Now suppose Load-2 of Figure 2.14 is not balanced. The drawing of
unbalanced current through supply impedance will mean that the supply
voltage of the other two loads will also be unbalanced. For example consider
the case in which Load-2 consists of three resistors of values 0.5 per unit, 1.0
per unit and 4.0 per unit in phases a, b and ¢ respectively, while the two
other loads and the feeder impedances remain unchanged. Then the voltages
at Buses 2 and 3 are as shown in Figure 2.17. It can be seen that both these
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set of voltages are unbalanced due to the presence of the unbalanced loads.
The degree of unbalance depends on the relative magnitude of the
unbalanced currents drawn vis-a-vis that of the balanced currents drawn. The
larger the unbalanced current, the larger is the unbalance.

(a) Bus-3 Voltages (kV)

0.01 002 003 0.04
(b) Bus-2 Voltages (kV)

001 002 003 004

Figure 2.17. Unbalance in the bus voltages caused by unbalanced load

The voltage imbalance can be decomposed into a positive sequence
voltage set, a negative sequence and a zero sequence voltage set. For
induction motors, the positive sequence voltage set creates a positive torque
that does the useful work. The negative sequence voltage set creates a flux
rotating opposite to the rotor and creates a negative torque while the zero
sequence voltage set may create current and extra losses but little effective
torque. Thus the negative and zero sequence voltages generated due to
voltage unbalance may give rise to extra losses and sometimes a torque
reduction. Together these effects can contribute to overloading of induction
motors.

Unbalanced loads in a three-phase system produce currents that give rise
to negative phase sequence (NPS) voltages. The magnitude of the NPS
voltage at a point of common coupling is usually limited by utilities because
of the increased heating caused in three phase motors and generators. The
permissible levels vary between countries but usually lies within the range of
1% to 2% [9-12]. The NPS voltage is defined in terms of the fundamental
phase to neutral voltage phasors V,, ¥, and V, as

_ v, +a’v, +av,) 22)

NPS \/§
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where @ = ¢'*”. In balanced systems this phasor summation would
form a closed triangle and give Vyps = 0.

Consider a three-phase induction motor having a single pole pair, the
equivalent circuit of which is given in Figure 2.18. The positive sequence
voltage creates a flux rotating in the positive sense at the fundamental
frequency of 50 Hz. The rotor slip could be 2% for the rotor is moving in the
positive direction at 49 Hz. A 2% NPS corresponds to a flux rotating in the
reverse direction at a frequency of 99 Hz, i.e., at a slip of s = 1.98. Thus the
model impedances are very close to slip of one, the condition for direct on-
line starting. Typically start currents can be six times rated for 1.0 per unit
input voltage. Thus a 2% NPS could give rise to a negative sequence current
of 12% rated current. If the motor were already heavily loaded the additional
current could give rise to overheating. This is in addition to the reverse
torque on the rotor generated by the NPS flux.

Figure 2.18. Equivalent circuit of an induction motor

The Australian Standard AS1359 [9] specifies that 3-phase machines
should be designed for continuous voltage unbalance levels of 1.0%. This
level is in agreement with the NEMA standard [10]. For the rail load in
Queensland, the authority has previously allowed contributions from large
unbalanced loads to the overall NPS at a point of common coupling (PCC)
as follows [13]

— 2% NPS for 1-minute peak loads
— 1% NPS for 5 minute peak loads
— 0.7% NPS for 30 minute peak loads

The European practice is similar [11]. For example, in Germany the
contributions from a single customer to the overall NPS at a point of
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common coupling are constrained by the 10 minute geometric mean having
to be less than 0.7%. This geometric mean is given by

a
NPS, = f% jnps(z)zdt < 0.007 (2.3)
0

This represents the heating effect in a motor with a ten minute thermal time
constant [14]. Compared to the levels indicated above, this criterion
corresponds to an NPS,,, of 0.99% for five minutes and 2.21% for one
minute [14].

The contribution, which an unbalanced load will make to the overall NPS
voltage at a PCC, is readily calculated for fixed loads. Time varying loads
appearing across different phase pairs make the prediction of NPS voltage
levels more complex. Similarly the required rating of balancing plant, which
ideally should utilize the unbalanced load absorption capability of the PCC,
can become more difficult to assess.

Queensland Railways in Central Queensland in Australia operate an ac
electrified railway. The railway is a heavy haul system comprising over 1000
km track and is used to transport coal from the inland mines to the export
facilities on the east coast. Supply is provided from a 132 kV network via 13
railway substations, each of which has two or three 30 MVA single-phase,
132/50 kV transformers. Associated with each transformer is a 50 kV
harmonic filter (HF) which may have a total rating of 4, 7 or 10 MVAr,
depending on whether 3", 5" and 7™ harmonic filter branches are included.
Nine load balancing static var compensators (SVCs) are used to reduce the
NPS voltages caused by the unbalanced loads, including the filters, to
acceptable levels. The low fault levels (high source impedance) in most parts
of the system used to supply the rail loads compound the problem of
controlling NPS voltage levels.

An investigation into the capability of the railway supply substations was
initiated after the rail authority, Queensland Railways, advised its intentions
of significantly increasing the tonnage transported on the electrified system.
The major concern was the containment of NPS voltage levels which is
directly related to the ability of the nine load balancing SVCs to handle any
increase in load. Figure 2.19 depicts one of the railway supply points of
common coupling, which feeds two railway supply substations. Permanently
connected 7 MVAr harmonic filters are installed on each of the 50 kV
busbars and a 132 kV load balancing SVC is provided at one of the
substations, Grantleigh. At Bouldercombe, the PCC, the fault level is
approximately 1300 MVA, one of the highest among the railway supply
points.



50 Chapter 2

\,L \_l 275 kV
BOULDERCOMBE < < 2x200 MVA

/T 132 kV

1300 MVA ] 1

GRANTLEIGH | 57km 12 km | ROCKLANDS
AB\L \LJCA CA

\L BC
T 50 kv T 50 kV
F| HF

TCR HF HF H '

A Y A : ;
g gh Rail Loads Rail Loads
SVC FILTERS: 50kV HARMONIC FILTERS:
34 — 1.5 MVAr/ph 3d — 4 MVAr
5th 5956:35:95 MVArR:S:T sth 5 3 MVAr

TCR — 17 MVAr/ph

Figure 2.19. Two Queensland Railway substations supplied from a 132 kV bus

On site measurements of NPS levels, rail loads and SVC performance
were made over a period of approximately a month. The rail loads were
measured using single-phase power and reactive power transducers sampled
at 15-second intervals. Figure 2.20 shows a typical single-phase traction load
with a peak current of 450 A (50 kV busbar) corresponding to two loaded
coal trains drawing full current simultaneously [15].

AMPS
450
3co
2¢0
100
43 6.0 75 90

Figure 2.20. Typical load current supplied to a 50 kV traction load
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With the load balancing SVC disabled, the NPS phasors at the point of
common coupling, Bouldercombe 132 kV busbar, were found to lie on three
trajectories at angles of approximately —60°, 60° and 180°. This result is
expected since the power factors of the rail loads are similar, especially at
high load. Excursions along these trajectories have been found to correlate
well with single-phase trainloads in phase pairs AB, BC and CA
respectively. Figure 2.21 shows the measured NPS excursions over a period
of several hours. Note that the NPS measurements with high magnitude are
aligned with the trajectories mentioned. The line segments connecting
measurement points indicate time sequence.

Imaginary Z@
Voltage BC phase
0.5
CA phase |,
0.0
e
-0.5 '(:i'
\ AB phase
-1.4 -0.6 0.0 0.6 1.4

Real Voltage (in phase with V)
Figure 2.21. NPS voltage phasor measurement at Bouldercombe 132 kV busbar

The load character in phases AB and CA consists of comparatively short
bursts of power corresponding to individual coal trains passing through the
feeder sections. Phase BC has an additional component corresponding to
more frequent but smaller loads due to local train traffic and shunting. This
was observed to produce NPS voltage excursions along 60° trajectories,
sometimes starting from part way down the — 60° or 180° trajectories of
loads in the AB and CA phases. The additional loads are also responsible for
the larger magnitudes of the NPS phasors in the BC phase supply. The
generally low traffic density on the heavy haul rail system gives a low
probability of coincident loads in adjacent sections, hence the lack of
excursions in the region from — 60° to 180°.

To ascertain whether the NPS excursions were all caused by rail loading,
the expected NPS currents due to rail loads were calculated using real and
reactive power measurements at each railway supply transformer. The NPS
current phasors showed excursions at angles of approximately 30°, 150° and
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270° for loads in phases AB, BC, and CA respectively as shown in Figure
2.22. The currents have a phase shift of 90° with respect to the voltage due to
the predominantly inductive nature of the source impedance. The NPS
voltages were then determined by multiplying the NPS current with the NPS
impedance where the source impedance was taken as the busbar short circuit
level of 1300 MVA. Subtracting the measured NPS voltages and those
calculated using the NPS current phasors and the estimated system NPS
impedance leaves an NPS voltage phasor with a magnitude of approximately
0.15% and a steady phase angle. This residual NPS is thought to be due to
transmission line unbalances or errors in voltage transformers and is the
cause of the offsets from the origin in Figures 2.21 and 2.22. The rail load
was found to be the dominant cause of NPS voltage excursions measured at
this point of common coupling.

IMAG BC Phase
AMPS AB Phase

40.0

20.0

0.0

D
200 CA Phase

REAL AMPS

-100.0 -80.0 -60.0 -40.0 -200 0.0 20.0 40.0
Figure 2.22. NPS Current phasor corresponding to Figure 2.20
2.2.6 Disturbance in Supply Voltage

As we have discussed before there can be various forms of disturbances
in supply voltage such as interruption, distortion, overvoltage/undervoltage,
Sag/Swell, flicker etc. These can have an adverse impact on the customers.
For example, even a small duration voltage interruption can cause relay
tripping, thereby completely stopping a process line. Many hours of
production can be wasted through a few seconds of interruption. Even a
short duration outage can cause defects in semiconductor processing. A
sustained overvoltage can cause domestic lights to burn out faster and can
put stress on capacitors. Voltage spikes or transient overvoltage can cause
permanent damage on capacitors thereby burning power supply or other
semiconductor components of computers, TVs, VCRs and household
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appliances. Sustained undervoltage can cause motors to stall. Similarly a few
cycle voltage sag can force motors to stop thereby ruining a process. Volitage
flicker can be very annoying to the human eyes as it causes incandescent
lamps to flicker. The impact of voltage disturbance on sensitive equipment is
measured through the CBEMA curve discussed in the previous section.

Bonlac Foods Processing plant in Stanhope, Victoria, Australia processes
diary milk into pasteurized milk, butter and cheese for high quality domestic
and international consumption. The food processing plant is supplied by
distributor Powercor Australia Ltd. Bonlac gets its supply from a 22 kV
overhead line from Kyabram, with the incoming feeder to Kyabram being 66
kV. The number of faults in the Kyabram-Stanhope section rises during the
summer due to storms and bird interference [16]. There are as many as 40
faults that occur in that section annually.

The plant equipment gets supply through six 22 kV/415 V transformers
rated between 1 MVA and 1.5 MVA. The total load is approximately 5.25
MVA at 0.8 power factor. A large number of squirrel cage induction motors
is used in this plant. These motors are used as evaporators/dryers or
compressors. All these motors are sensitive to voltage dips, especially the
motors running the sophisticated dryers. Each of the motor trips not only
cause a loss of production but also a loss of raw material. Since this is a milk
processing plant, the raw material cannot be recycled on the resumption of
work as they may contaminate the new intake. Thus each voltage dip causes
a huge loss of revenue.

In an interconnected distribution system, voltage disturbance can occur
due to fault or badly behaved loads. For example in the distribution system
shown in Figure 2.14, suppose Load-2 contains large induction motors.
When the motor is started a large inrush current will flow, causing the Bus-3
voltage to drop in all three phases, thereby affecting Load-3. Also we have
seen in Example 2.3 how a single-line-to-ground fault in one feeder causes
the voltage to dip and rise in other feeders thereby affecting all loads
connected to this feeder.

23 Conclusions

In this chapter we have discussed some of the problems that are facing
the modern power system supply quality. There are a number of issues
ranging from generation to transmission and distribution. In this book we
concentrate on the last aspect. The aim of the book is to introduce the
concepts of solid state power controllers that are utilized to compensate for
some of the problems of distribution systems. The solid state solutions to
these issues are covered in the later chapters. It is however to be noted that
the solutions of all the problems facing modern power systems cannot solved
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using a few solid state controllers that are arbitrarily placed. The entire
picture is very complicated. There are minor side issues that are also
involved. We shall try to answer some of these questions as we go along.
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Chapter 3

Analysis and Conventional Mitigation Methods

Power quality problems are not new in power systems, but the general
customers’ awareness of these problems has increased in the recent years.
Modern technology such as computers and controls are largely responsible
for the rise in the impacts of power quality but can also provide a tailor-
made solution to these problems. Often these solutions are expensive, and in
many cases, the cost has to be borne by the customer. Thus before the
application of a power quality solution, the problem has to be analyzed in
details and the cost to benefit ratio must also be calculated. The specifics of
the analysis of power quality problems are an important issue and will be
covered in this chapter.

Since power quality problems have existed for a long time, the
conventional methods of mitigation of these problems also are quite well
developed. For example, before the advent of active filters, passive filters
based on inductors and capacitors were used and are still used in many
power transmission and distribution applications. Some of these filters
developed to high levels of sophistication and are even tuned to bypass
specific harmonic frequencies. However, the use of passive elements at high
power level makes these devices bulky. Moreover the passive filters have a
fixed range of operation. Therefore before we introduce the custom power
solution to power quality problems, it is important to discuss the
conventional mitigation methods and highlight their deficiencies as well.

3.1 Analysis of Power Outages

The most common cause of an outage is equipment or component failure,
e.g., loss of a generator, transformer or feeder due to faults. Sometimes
utilities used scheduled outages to maintain the power equipment. Typical
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scheduled maintenance involves changing of transformer oil, replacement of
a section of feeder conductors or changing of old and faulty switchgear or
other equipment. During scheduled maintenance, a power distribution
company may be able to cater to the large majority of the customers by
channeling power through alternate feeders or supply transformers wherever
available. However this may not always be possible. In general, such
scheduled outages occur only occasionally and usually prior notice is given
to customers that are affected by the outages.

It is the unscheduled outages that cause major problems to both utilities
and customers alike. Such outages cause higher financial loss to the
customers arising from loss of production in factories and assembly lines,
rotting or contamination of edible materials in food processing plants,
restaurants and even domestic households. The impact of even short outages
in semiconductor plants can be very severe. It is therefore imperative that
such outages are minimized. Amongst the unscheduled outages, some are
caused by natural disasters and accidents like earthquakes, floods, blizzards,
tornadoes, fires, arsons, terrorist activities etc. Even if some of these causes
can be predicted, it is rather difficult to entirely prevent their impact on the
power system. We shall therefore concentrate on the outages resulting from
faults and equipment failures.

There are various reliability indices that define the response of the system
to the outages. Below we define a few of them [1].

System Average Interruption Frequency Index (SAIFI): This defines the
total number of customer interruption events that have occurred over a
period of time (usually one year) divided by the total number of customers,
ie.,

Total number of customer interruptions

SAIF] = 3.1)

Total number of customers in the system

This defines the average interruptions per customer over a year.
This defines the average number of interruptions per customer over a
year.

Customer Average Interruption Frequency Index (CAIFI): This is defined
as

Number of customer interruptions

CAIFI = (3.2)

Number of customers who had at least one interruption
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The index S4IFT is useful in that it gives the average interruptions per
customer. The problem with this approach is that not all customers in the
system face an equal amount of interruptions. For example SAIFI may
produce an index of 1.5 in a year. However it may happen that only one
quarter of the people suffered these interruptions. Then the average
interruption for these customers is 6.0 and not 1.5. This aspect is addressed
by the use of the index CAIFI which normalizes the number of interruptions
with respect to the total number of customers who have faced interruptions.
The numerical value of CAIFT will be greater than or equal to that of SAIFI.

It is interesting to note that a comparison of these two indices can give us
an insight into the system. For example if the relative difference between
these two indices is negligible, then it can be concluded that the interruptions
have affected most groups of customers equally. If, on the other hand, there
is a large difference between these indices, then it means that the
interruptions have affected some groups of customers more than the others.
This can be due to poor grounding, poor design or poor maintenance. Further
investigation will then be required to determine and rectify the cause.

System Average Interruption Duration Index (SAIDI): This defines the
average duration of all interruptions per customer, i.e.,

SAID] = Sum total of the duration of all customer interruptions

(3.3)
Total number of customers in the system

In this index the sum total of the duration of interruptions of all customers
are normalized with respect to the total number of customers.

Customer Average Interruption Duration Index (CAIDI): The total
interruption duration over a year is averaged amongst the customers, who
had at least one interruption, i.e.,

Sum total of the duration of all customer interruptions
CAIDI = b

(3.4)

Number of customers with at least one interruption

As in the case of SAIFI and CAIFI, a large difference between S4IDI and
CAIDI will indicate that the outages are concentrated on a limited set of
customers and hence further investigation will be required.

Momentary Average Interruption Frequency Index (MAIFI): This index
deals with momentary or short duration interruptions. In general the utilities
do not treat the short duration interruptions as outages and hence momentary



58 Chapter 3

interruptions are not classified under SA/FT or CAIFI. The momentary index
is computed as

MAIF] = Number of customer momentary interruptions

(3.5)
Total number of customers

We demonstrate the calculation of the interruptions with the help of the
following example. This follows the guidelines provided in [2].

Example 3.1: Consider a distribution system with 100,000 customers.
These customers are served from six different buses. These buses and the
number of customers per bus are listed in Table 3.1. The actual configuration
of the distribution system is not important. The system interruption data over
a year is listed in Table 3.2. Note from this table that for the interruption case
2, 10,000 customers of bus 2 and 2,000 of bus 4 are affected for different
duration. Again in the interruption case 5 that involves bus 4, the same 2,000
customers involved in case 2 are affected again. In addition another 3,000
customers are also affected for the interruption case 5.

Table 3.1. Distribution system data

Bus number Number of customers served
1 30,000
2 25,000
3 20,000
4 12,000
S 8,000
6 5,000

Table 3.2. Customer interruption data
Interruption case  Bus number  Affected customers __ Duration (hours)

1 1 15,000 2.0

2 10,000 1.5
2 4 2,000 1.0
3 6 5,000 4.0
4 5 3,000 0.5
5 4 5,000 1.0

Therefore the total number of customer interruptions, calculated from the
data given in Table 3.2 is

Total interruptions = (15 + 10 + 2+ 5+ 3 + 5)x 10> = 40,000

Hence,
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40,000

SAIFI = =0.
100,000

To compute CAIFI we note that the total number of customers affected by
the interruptions is 38,000. Therefore,

40,000

CAIFI = 1.05

b

Note that CAIFI has a numerical value that is greater than 1. This implies
that some customers have undergone more number of outages than the others
per year.

To compute SAIDI and CAIDI we have to translate the interruption data
given in Table 3.2 into customer-minutes lost due to interruptions. This is
shown in Table 3.3. From this table we compute the customer-minutes lost
due to interruptions as

Customer - minutes lost = (1.8 + 0.9 +0.12 + 1.2 + 0.09 + 0.3)x10°

=4,410,000
Therefore
SAIDI = M =44.1 minutes
100,000
CAIDI = i‘—’4—1—0—’—0—99 =116.05 minutes

El

Table 3.3. Customer-minutes lost due to interruptions

Interruption ~ Bus number Affected Duration Customer-minutes
case customers (hours)

1 1 15,000 2.0 1,800,000

2 10,000 1.5 900,000

2 4 2,000 1.0 120,000

3 6 5,000 4.0 1,200,000
4 5 3,000 0.5 90,000

5 4 5,000 1.0 300,000

AAA
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Note from the above example that

SAIFI <CAIFI, SAIDI <CAIDI, CAIFI>1 3.6)

Also note that

CAIDI  CAIFI
SAIDI  SAIFI (3.7)
= Fraction of customers who had at least one outage

The frequency indices like SAIFI, CAIFI and MAIFI tell us how often
faults occur. They give us an indication about system equipment and
network layout. The regulator of utility can declare a maximum limit on any
of these indices as the key performance measure and the utility can respond
by rescheduling their maintenance procedure to be within the maximum
limit. Other approaches are to use live line work to limit the outages
experienced. The duration indices like SAIDI and CAIDI, on the other hand,
are functions of the organization ability of the utility to limit the faulted
section to the smallest number of customers and the ability to control the
repair time. These indices can be used to identify when it is critical to
reschedule the repair procedures of the utility such that the load curtailment
can be kept at the minimum.

3.2 Analysis of Unbalance

Historically unbalance in a three-phase ac system has always been treated
through symmetrical components. In this approach, a set of unbalanced ac
voltage or current phasors is converted to three balanced phasors. Also an
unbalanced ac network can be decomposed into three sequence networks.

3.2.1 Symmetrical Components of Phasor Quantities

Symmetrical components are used to analyze unbalanced conditions in
three-phase circuits in the steady state. It is well known that a set of three
unbalanced phasors representing either three-phase voltages or three-phase
currents can be resolved into the following three sets of three balanced
phasors:

— Positive sequence: These are a set of equal magnitude three phase vectors
that are displaced from each other by 120° and have the same phase
sequence as the original phasors. The positive sequence components of
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the voltage phasors V,, V, and V, are usually denoted by V., V4 and V,
respectively. The currents are also defined similarly.

— Negative sequence: These are a set of equal magnitude three phase
vectors that are displaced from each other by 120° and have the opposite
phase sequence to the original phasors. The negative sequence
components of the voltage phasors V,, ¥, and V. are usually denoted by
Va, Vi and V., respectively.

_ Zero sequence: These are a set of equal magnitude three phase vectors
that are exactly in phase with each other. The zero sequence voltage
components are usually denoted by V0, Vi and V.

Symmetrical components are defined in terms of the operator a that is
given as

a=e™ (3.8)
We can then write

2 1240°

4
a“ =e ,a’=1,a =agand l+a+a’=0

Let us define the following vectors

v :[Va v, Vc]and V;6,2:[V(,0 Va VaZ]

abc

Then transformation from abc to 012-plane is given by

Vo | 11 1V,
Vaorr =| Var :_IZ 1 a a* ||V, |=PV, 3.9
V., 1 a* allV.

where K is a constant that is chosen either 1/3 or 1/43. Note that we can also
transform currents using a similar transform, i.e.,

L, 1 11 11,
Lop =1, |==|1 a a*|| I, |=Pl,. (3.10)
102 1 a2 a lc

The three-phase power in the original unbalanced system is given by
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Pabc+anhc:VaI;+Vh[/:+Vc[: (311)

where I” is the complex conjugate of the vector /. Now from (3.9) and (3.10)
we get

*

VaOI;O + Va11;1 + VaZI(:Z :%[Vula + Vh]; + Vc]:]

(3.12)

From (3.12) there are two ways of choosing the value of K. If the three-
phase complex power is to be equated to the sum of the complex powers in
the transformed system, i.e.,

Pope + JQube = Z(V:oﬁo VI + szl:z)

i1=ab.c

then the value of K must be equal to 3. The transformation matrix and its
inverse is then given by

111 [ B
1 a a*|, P'=|1 a* a (3.13)
1 1 a d°

Alternatively if we choose K to be equal to V3, both sides of (3.12)
become equal, i.e.,

* *

Pae + JQase =Vaolao +Varlay + Vi liy =Vaoia Loona G.14)

The transformation matrix and its inverse is then given by
, P_I:—_ 1 a a (3.15)

In the above equation P'P" = I, where I is a (3x3) identity matrix. This
implies that the matrix P is unitary. Further this transformation has the
advantage that the three-phase power can be computed based only on the
phase-a of the sequence components.
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Example 3.2: Let us consider a three-phase balanced source supplying an

unbalanced load. The supply voltages and the load currents are given in per
unit by

V,=1.0£0°, ¥, =10£-120°, V. =1.0£120", I,6=0552-30°,
I, =0.452-160" and I, =0.60295°

The complex power is then given by

Py + JOu. =1.3648 + j0.8178 per unit

Let us now investigate the power in the sequence circuits. The zero-
sequence power can be computed as

Py + 0 :Vaol;o :%(Va +V, +chlu +1, +[c)

Since the supply voltage is balanced, V, + V, + V., = 0 and hence both real
: . 2 _

and reactive powers in the zero-sequence are zero. As 1+ a + a~ =0, the

power in the negative sequence

P+Q,=V,I, :%(Va +a’V, +aVL,X[; +al, +a21:)=0

It is then needless to say that the total power in the positive-sequence circuit
is equal to the power in the three-phase circuit, i.e.,

P+ jQ, =V, I, =13648+ j0.8178 per unit
AAA

It can thus be seen that powers in the zero and negative sequence circuits
are zero when the supply voltage is balanced but the current is not. Similarly,
we can show that the power in these sequence components will be zero when
the current is balanced but the supply voltage is unbalanced. Let us now
consider what happens when both the voltages and currents are unbalanced.

Example 3.3: Let us consider a system in which the supply voltages are
unbalanced and are given in per unit by
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V,=105£0°, ¥V, =1.0£-130° and ¥, =0.95£120°

The loads are such that the load currents are the same as that given in
Example 3.2. The complex power is then

P + O =1.4064 + j0.7546 per unit

The zero, positive and negative sequence powers are then

Py + jO, =0.0032 + j0.0038 per unit
B+ jO, =1.4052 + j0.7347 per unit
P, + jO, =-0.0020 + ;0.0161 per unit

It can be seen that
Pope + JQupe = Paora + JQu01y = Py +JQo + B+ JO, + P, + JO,
AAA

To analyze an unbalanced network, it is decomposed into three sequence
networks. These three sequence networks are then combined in a particular
fashion to determine the fault currents. For example, for a single-line to
ground fault, the Thevenin equivalent of the three networks are placed in
series. These details are given in any textbook on power system (e.g., [3]).
Also note that any transformer connection has an important role to play in
the constitution of the zero-sequence network. The zero-sequence network of
a grounded Y-Y transformer is different than that of an ungrounded Y-Y
transformer or a A-A transformer. The details of the zero-sequence
components of different transformer connections are also given in [3].

3.2.2 Instantaneous Symmetrical Components

The symmetrical component transformation matrix can also be applied to
instantaneous voltages and currents [4]. Through this transformation we can
convert three-phase instantaneous quantities into a zero-sequence component
and two phasor components. Let the instantaneous three-phase currents be
given by I,, I, and I.. We can then define the instantaneous symmetrical
components as
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=—|l a a°||i, (3.16)

2 .
1, 1 a a |li

where I, is the zero-sequence and I, and I, are two vectors that are
complex conjugates of each other. A similar transformation can also be
defined for voltages. Note that through the instantaneous symmetrical
components we can analyze waveforms that are distorted, unbalanced or
purely fundamental. To illustrate the idea, let us consider the following
example.

Example 3.4: Let us consider a balanced three-phase supply voltage
given in per unit by

v, =sinwt, v, = sin(a)t —120°) and v, = sin(a)t + 120")

where @ = 1007 rad/s. First let us assume that it supplies a balanced load.
The load currents are given in per unit by

i, =0.5sin{wr - 30°), i, =0.5sin(ewr ~150°) and 7, =0.5sin{wr +90°)

The vectors v, and I, are computed for one cycle and the loci of the tip
of these vectors are plotted in Figure 3.1. The starting point of the vectors at
t = 0 are marked by a cross (x) and their direction of rotation as ¢ increases
are also indicated in the figure. It can be seen that these loci form a
closed path. Since both the supply voltage and load currents are
balanced, the paths traced by them form circles. The magnitude of the
circles are however different. Note that since the vector v, (,2) is the
complex conjugate of v, (1)), the path traced by v, (/,2) will also be a circle
that overlaps the path traced by v, (1,1), even though these two vectors move
in the opposite directions.

To compute the magnitude of this vector let us assume that the peak of
the balanced voltages is given by V,,. Then the vector v, is given by

! 2
:_{Va +av, +a vc}

Val NE)
1 I A3
:-—{vu ——2—(11,, +v(,)+]ﬂ2'(vh -V, )}

(3.17)
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Figure 3.1. Loci of the positive sequence vectors under balanced condition
Since the voltages are balanced, v, + v, + v. = 0. We then have

1 3 v, .
v, _E(Vh +vc)=5va :—2ﬂsma)t
v,—v. =V, {sin(a)t - 120°)— sin(a)t + 120°)}

=-2V, coswtsin120° = 3V, coswt

m

Substituting the above two equations in (3.17) we get

Vv
v, =2 {%sin a)t—j%cosa}t} (3.18)

V3

The magnitude of the voltage vector v, is given from (3.18) as

‘ETV (3.19)

\le = “’aZ‘ =

The magnitude of the voltage vector of Figure 3.1 is then \/3/2, i.e., 0.866
and that of the current vector is 0.433. Also note that the vector I, lags the
vector v, by 30° for every value of 1. This implies that the phase angle
difference between these two vectors is the power factor angle.

Let us now assume that the load currents are unbalanced and are given in
per unit as
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Figure 3.2. Loci of positive and negative sequence vectors of unbalanced currents

i, =0.5sinwt, iy = 0.2sin(a)t—100°) and i = 0.75sin(a)t+90°)

The loci of the vectors 1,; and 1, are plotted in Figure 3.2. In this figure,
the direction of rotation of the loci is also indicated. Since the currents are
unbalanced, the paths traced by 7, and 1, are ellipses. Moreover, the vector
1, rotates in the counterclockwise direction while the vector /,; rotates in the
clockwise direction. The starting point of each of these vectors is indicated

by a cross.
AAA

3.23 Instantaneous Real and Reactive Powers

In this section we shall define the real and reactive powers in a three-
phase system in terms of the instantaneous voltages and currents. Let us
define the instantaneous voltage and current vectors for the three-phase
instantaneous quantities as

vac = [va vh vc] and II = [l

abc a 1, I ]

The instantaneous active (real) power is defined as the dot (scalar)
product of these two vectors, i.e.,

p= vabc ’ iubv = vaia + vbih + VLI.( (320)
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The instantaneous reactive power is a vector that is defined as the cross
product of the vectors v, and 7. [5], i.e.,

Vp V.
i i

9, vy

q = Vape * iahc =1y | = .L‘ .a (321)
g 1. 1,
¢

Vo Vb
l.a ib |

The norm of the vector

lal=va2 + 4} +a* (3.22)

may sometimes be used as the scalar representing the instantaneous reactive
power. Alternatively, the algebraic sum

Qu + qb + qc‘ (323)

q sum =
V3

can also be used as a scalar representing the total reactive power that
circulates in the three phases. An advantage of the representation of (3.23) is
that it can indicate the polarity of the instantaneous reactive power unlike
llgll, which is always positive.

The instantaneous active current vector is defined in terms of the power p
as

i =iy, |=—E—v, (3.24)

Similarly, the instantaneous reactive current vector is defined in term of the
instantaneous reactive power vector g as
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laq

Po— 5 _ abc

i, =iy, |22 ke (3.25)
1 cq

The total current vector is the sum of the active current vector and the
reactive current vector, i.e.,

e =i, +1i, (3.26)

Further note that v, - [, = 0, i.e., I, is orthogonal to vg.. Also, va. x 1, = 0,
i.e., I, is parallel to vg..
The instantaneous apparent power s is a scalar defined as

|t | (3:27)

§= ”vabc
where ||V, || and ||Z, ]| are the instantaneous vector norms defined as
2 2 2 . .2 .2 .2
= Ve 45 +V2, |liae| =i2 +if 4

The instantaneous power factor A can then be defined as the ratio of active
and apparent powers, i.c.,

v

abc

1=£ (3.28)
s
Let us now define a vector containing the instantaneous symmetrical
component vectors as

T VA . :
Vamz—["ao Val Va:z] and laOlZ_[laO Loy ’az]

The instantaneous voltage and current vectors can then be written as

Vae =P Voo, and iy =P 7lig, (3.29)

a a

where the inverse of the matrix P is given in (3.15). Combining (3.20) and
(3.29) we get
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1 0 0
T p-Tp-l; r ;
= PP = 0 0 1
P =Vaony Laor2 = Vaor2 0 1 o fao12 (3.30)

= vaOlaO + va2 al + val a?

Since v,; and v, are complex conjugate of each other and also /,, and 1, are
complex conjugate of each other, (3.30) can be written as

P = Vaglgg +2Re{vallal} (3.31)

where Re denotes the real part.
In a similar way the reactive power is given by [6]

K .
qa vallal v Lol
— _ ¥ a0 . -)2x/3
q=19, ————\/_ Im|v,i, _—f Im|i,e
3 v 3 i et/
qc al‘al al

(3.32)

where Im denotes the imaginary parts. From the above equation the
instantaneous scalar reactive power is given by

_qu+qb+qc

q‘\‘um -
NE)

= 2Imfyi},} (3.33)

altal

It can be seen from (3.33) that the zero sequence components do not
contribute to gq,. Also the last two terms of (3.32) do not contribute to g
and only the summation of the first term of (3.32) appears on the right hand
side of (3.33).

In general both p and g,,,, have two components. They are given by

P=DPao + Py (334)

qj'ul" = q.\'um,av + q,\'u'll,(L\'L'

In the above equation, the subscript av denotes the average (dc) value and
the subscript osc denotes the oscillating component that has an oscillation
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frequency of 100 Hz when the system frequency is 50 Hz with no distortion.
In a balanced circuit the oscillating components are zero.

Example 3.5: Let us consider a set of balanced supply voltages that are
given in per unit by

v, = V2sinwr, v, = x/fsin(a)t - 120") and v, = ﬁsin(a)t + 120")

where w = 1007 rad/s. The source supplies an unbalanced load. The steady
state load currents are given in per unit as

i :gsin(a)t—BO"), i, :¥sin(wt—150°), i =-\£—Esin(a)t+90°)

a

The real power computed from (3.31) and the total reactive power
computed from (3.33) are plotted in Fig. 3.3. It can be seen that these
quantities have a frequency of 100 Hz. Their mean values are also plotted in
this figure. The average real power supplied to the load is 1.5 cos 30° =
1.299 per unit. Similarly the average reactive power required by the load is
equal to 1.5 sin (- 30°) = - 0.75 per unit. It can be seen that the mean values
given in Figure 3.3 are the same as these values. We can therefore conclude

that g, is indeed the scalar instantaneous reactive power.
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Figure 3.3. Instantaneous active and reactive powers in an unbalanced circuit
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3.3 Analysis of Distortion

The main causes of voltage and current waveform distortions are
harmonics, notching and interharmonics. We have discussed harmonics and
notching in Chapter 2. Interharmonics are defined as the frequencies that are
not integer multiples of the fundamental frequency but are present in the
voltage or current waveforms [7]. These can appear as discrete frequencies
or as wide-band spectrum. Let the fundamental frequency of a signal be f.
Then the terms such as harmonics, dc offset, sub-harmonics and
interharmonics have the frequency domain interpretations shown in Table
3.4. In this table the term f denotes a particular frequency component of the
signal. The term sub-harmonic is loosely called as interharmonics with
frequency component less than the fundamental frequency.

Table 3.4. Interpretations of various harmonic terms

Term A frequency component
Harmonics f=nx f,, for an integer n >0
DC offset f=nxfoforn=0
Interharmonics f= nx f, for a non-integer n > 0
Sub-harmonics 0<f<fo

The rise in the use of power electronic loads and the increasing use of
power factor correction capacitors is causing a general rise in the level of
harmonics with particular locations exhibiting strong effects on other
customers. For many purposes the distorting loads can be modeled as
harmonic current sources. When there is a finite source impedance at the n"
harmonic z(n@,) then the n"™ harmonic current flowing to the source will
generate a harmonic voltage at the connection point of common coupling
resulting in voltage distortion that can affect other customers.

The main impacts can be summarized as

— Increased losses

— Reduced equipment life

- Interference with protection control and communication circuits
— Interference with customer equipment

The increased losses can be in induction motors where the harmonic
voltages can create significant harmonic currents without providing a
commensurate increase in useful torque. These increased losses may not
cause immediate equipment failure but can result in increased temperature in
equipment which can be reliably mapped to a reduced life particularly for
electrical insulation. Some control equipment presumes the existence of
sinusoidal voltage supplies and takes its timing reference from the zero
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crossing of the supply voltage. When there are variable distorting loads
present this can give rise to a variation of the zero crossing and hence the
control output. An example of this was a newly installed dc drive on a lift
connected from the same transformer as the thyristor controlled lighting for
the main stage. The distortion from the lift drive caused changes in the
voltage supplied to the rest of the loads resulting in significant flicker of the
stage lighting if the lift were used during a performance.

As mentioned earlier the harmonics in power systems are mainly caused
by power electronic loads like UPS adjustable speed drives etc. Most of
these produce harmonics and some of them produce dc offsets. The main
cause of interharmonics is the cycloconverters [8]. These converters are used
extensively in rolling mills and linear motor drives in cement and mining
industries and their maximum size can be as high as 20 MW. The arc loads
like arc furnace, welding machines and arc lamps also produce
interharmonics. These are also the most common source of voltage flickers
that can be construed as fluctuations due to low frequency interharmonic
components. The other sources of interharmonics are power line carrier
signals, induction motors and integral cycle control that are extensively used
to control street lighting and hot water or other controlled customer loads
(8].

There are many effects of interharmonics. Similar to the harmonic
currents they also cause overheating. The other effects are flicker in TV
picture tubes, torsional oscillations in a turbine-generator shaft,
communication interference, ripple control (power line carrier) interference
and CT saturation [8].

It is well known that the distortions in the voltage or current from the
fundamental frequency sinewave can be represented as a superposition of all
the harmonic frequency sinewaves on the fundamental sinewave. The
harmonic component values are separated from the fundamental frequency
components using the Fourier analysis. Fourier series is used to separate the
frequency components of periodic but non-sinusoidal waveforms. Through
the use of this series, the fundamental component, the dc component and the
harmonic components that are integer multiples can be separated.

Using the exponential form of Fourier series, a periodic signal x() can be
expressed as [9]

k=c0

x(e)= Y cpe™ (3.35)

k=-c0

where @ is the fundamental frequency in rad/s and the coefficients
cr, k=—o0, ..., 0 are given by
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1 - Jka t
- Jkeo 3.36
Cy — x(t)e dt (3.36)

To illustrate, let us consider a signal given by

x(1)=0.3+1.5sinws +0.5sin 3wt + 0.3sin Sw! (3.37)

where w= 1007 Let us choose T; to be 20 ms, i.e., one cycle. Then

2r

1
Co = o JX(t)dwt =03

Note that the last three terms of (3.37) do not contribute to the average in
determining co.

In order to determine the " harmonic, the first step is to replace the
sinusoidal terms in (3.37) by an exponential form, i.e.,

e_/ka)/ _ e—/kwl

sinkwt=——— (3.38)
2j

This form, when substituted in (3.36), results in one constant term at
frequency kw and exponentials in the integrand. Clearly, only the constant
term contributes to ¢;. Therefore

c,=—c, =——*t (3.39)

Therefore from (3.35) we get

x(t)=0.3+%(e-”“’ _e—/(u1)+g§_(e/3w/ _e‘/3(ul)+%§(e/5wt _e~/5au)
J J
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For a general function it can be shown that ¢, is the complex conjugate of ¢,
[9]. This is the original x(f) given in (3.37). Note that x(¢) did not have a dc
term, the integration interval 7, can be reduced to 10 ms, i.e., half a cycle.
Further note that the sub harmonics that have frequency components @ /n for
integer n can also be extracted using the series (3.35) by choosing 7; to be
integer multiples of 20 ms.

The complex Fourier series given in (3.35) is related to the usual form as
given below

a, 2« .
x(t):7o+F;{ak coswt + b, sinwt} (3.40)

¢ =a, — jb, (3.41)

The sine and cosine terms in (3.40) can be combined into a convenient single
sinusoidal term by modifying (3.36) as

cp = Jjc, :TL L x(t)e'/k(“’"”/z)dt (3.42)
0 0

The amplitude and phase of ¢, is the amplitude and phase of the combined
sinusoidal term.

Fourier transform can be applied to waveforms that may or may not be
periodic. For a non-periodic waveform this will produce a frequency
spectrum that is continuous with no fundamental component. For periodic
waveforms the application of Fourier transform will result in a spectrum
containing the fundamental and the harmonic components contained in the
signal. Fourier transforms are numerically evaluated on a digital computer
using numerical methods like discrete Fourier transform (DFT) or fast
Fourier transform (FFT).

Interharmonics have the potential to interfere with a power system but
are rather difficult to detect even using FFT. For example consider the
voltage waveform

v(t) = 0.2 + sin(w?) + 0.65in(407) + 0.3sin(2227)

3.43
+0.4sin(2467) + 0.25in (2887 ) + 0.5sin(Sw 1) 3.43)

where @ = 100z This implies that the waveform, in addition to the
fundamental, contains dc, 5" harmonic, a sub-harmonic at 20 Hz and
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interharmonics at 111 Hz, 123 Hz and 144 Hz. The waveform is shown in
Figure 3.4 (a). We now use an FFT algorithm to find the spectrum of this
waveform. This is shown in Figure 3.4 (b). It can be seen that the detection
of the dc and the interharmonic components are rather inaccurate here. In
fact the proper use of FFT to detect these components is rather an art. In [8]
an example is given in which a Hanning window is used to limit the time
duration over which the waveform is observed and an FFT algorithm is used
subsequently with a four-fold zero padding. This example is repeated in [10]
in which the FFT and windowing algorithms are also discussed and shows
how the appropriate values can be extracted.
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Figure 3.4. (a) Waveform containing interharmonics and (b) its spectrum

3.3.1 On-line Extraction of Fundamental Sequence Components
from Measured Samples

The sequence components are sinusoidal steady state quantities. They can
thus be obtained from the measurements of peak values and the phase angles
once the voltages or currents are in steady state. These quantities however
are required in many applications for on-line synthesis of voltages or
currents. In this section we shall present an algorithm to obtain these
components through sampling and averaging the instantaneous voltages or
currents.

Let us define a set of three unbalanced voltage phasor terms as

14 14 Ve
V, =2 s, V, ="/, and V, =—2 L,

V2 V2 V2
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Their instantaneous components are then
Va = Vma Sin(a)t + ¢a ) » Vp = Vmb sin(a)t + ¢b) and Ve = Vmc sin(a)t + ¢c)

The phasor symmetrical components of these quantities can then be written
from (3.9) as

I LR L Vge!? +Vope'® + Vme
Val :T 1 a az Vb :—\/1—;— V'"Gej% +anh M)h +a Vmce
VaZ 3 1 az a Vc 6 VmaeM’n +a2Vmbej¢h +anCeI¢C

(3.44)

We shall now wuse the instantaneous symmetrical component
transformation given in (3.16) on the instantaneous quantities and use (3.42)
to obtain the relations given in (3.44) [11]. From (3.42) it can be seen that
the fundamental component of a signal x(¢) is given by

:___.[ No1-7/2) dt (345)

Let us first consider the zero-sequence. From (3.16) we get

LI RN

Voo = 7= Wa ¢
V3 (3.46)
:——I—{V sin(w? +4,)+V,, v sin(of +@,)+V,, . sin(wr + ¢, )

ﬁ ma

We now use (3.45) with x(¢) = v,0. Then we have
Ty

1
caOZTO«/E(;',

V.. sin(wt +8,)+ V., sin(w? + ¢, ) (3.47)

+V,. sin(wf + ¢, Msin @t + jcos wt)dt

The integrand of (3.47) can be expanded as
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%[Vma {cos ¢, —cosQwt + ¢, )} +V,, {cos@, - cosLwt + ¢, )

+V,. {cosg, —coswt + ¢, )}]+ [ sing, +sinar + ¢, )
+V,,{sing, —sinQQwt + ¢, )} + V,m {sing, —sin(Qwt + ¢, M

Now let us choose T; such that the integrals of the double frequency terms
are zero. We then get

.
Coo = \/_ JV et 1V e 1V, el }dt
T2 (3.48)

{V et 1V e v, e }

mc

"2

Comparing the first row of (3.44) with (3.48) we can write
Vo =V2 ¢4 (3.49)

Let us now consider the positive sequence. From (3.44) we get

val =

——\E{va +av, + azvc}

= —1—{Vma sin(a)t +é, )+ av,, sm(a)t + 4, )+ a V sin(a)t +¢, )}

NE)

(3.50)

Again using (3.45) the fundamental component of the above equation is

{V,qsin(et +8,)+av,, sin(wt + 4,) (3.51)

+a’V,, sin(wt + ¢, )}(Sin wt + j cos wt )l

The integrand of (3.51) can be expanded as
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%[Vma {cos 8, —cos(Qwt + @, )} +av,, {cos ¢, —cos(2wr + ¢, )}
+a’V,, {cos @, — cosLwt + @, )}]+ %[Vma {sing, +sinQwr + é,)}

+aV,,{sing, —sin(wt + g, )} + a’¥,, {sin g, - sin(wr + 4, )}

mc

Again since the integrals of the double frequency terms are zero, we have

1

Ty
J.{Vmae”” +anhe’¢” +av._e'* }a’t
0

REENE (3.52)
= ~2—1\/?{Vmae"¢" +aV,, e’ +a’V, e* }

Comparing the second row of (3.44) with (3.52) we get

V,=+2c, (3.53)

Proceeding in the same way as above we get show that

Vo =v2¢c, (3.54)
where

Coa :TL J; v, @) gy

o (3.55)

. , ‘
{Vmae”’" +a V,,,,,e”’" +aV,me”¢ }

1
_2J§

We can then summarize the following from (3.49), (3.53) and (3.54)

Vao \/Ecao — T2 I Vo -/(wz—fr/2)dt
0 ]

Val :\/ECM :—\7/1—5 J"/- vale_/(w,_”/z)dt (356)
0 ]

v, =2c, = T2 J‘ v, e /@)y,
0 0
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Note that the sequence component extraction algorithm of (3.56) use the
Fourier integral. Therefore, it can also extract the fundamental of the
sequence components even when the system contains harmonics or dc offset.
The choice of the time 7, becomes very crucial in such cases. We shall
demonstrate the idea with the help of the following examples.

Example 3.6: Let us consider the unbalanced three-phase voltages that
are given in the phasor form as

V,=1£0°, V, =122-110" and ¥, =0.852100°
Their symmetrical component transformation (3.9) leads to the following

Voo | [02552-,0.1677 1 [0.3054,-3332°
V, |=| 1.7208 - j0.0475 |=| 1.72152-158"
V| |-02439+ 02153 | | 0.32532138.57°

The instantaneous voltages corresponding to the above voltage
phasors are

vV, =2sinwr, A =1.2x«/§sin(wt—l 10°>
v, =0.85x 2 sinfwr +100°)

with @= 1007z. The coefficients c,, ¢, and ¢, are then given by

co| [0.1804-;0.1186 7 [0.2159/-33.32°
c, |=| 1.2168-70.0336 |=| 1.2173£-1.58°
¢ | [-0.1725+ j0.1522| | 0.23002138.57°

It can be seen that by multiplying the coefficients by V2 we can get the
phasor form of symmetrical components calculated above. Note that the
above coefficients do not require the use of instantaneous samples. They can
be obtained directly from magnitude and phase as seen from (3.48), (3.52)
and (3.55). The next example illustrates the use of instantaneous samples for

the case when the voltages are distorted.
AAA
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Example 3.7: Let us now add 5™ and 7" harmonic components to the
fundamental voltages with magnitudes that are inversely proportional to their
harmonic numbers. In addition, a 50% dc component has been added to the
phase-a voltage. Therefore the three voltages are given by the following
instantaneous equations

v, =05+ «/E{sin wt+ésin Swt +%sin 7a)t}
v :1.2xﬁ{sin(wt-1 10°)+%sin Slwr-1 10°)+%sin Twr -1 10")}

v, = 0.85xﬁ{sin(a}z+ 100°)+%sin S{awr + 100°)+%sin Twr + 100°)}

We now extract the fundamental rms sequence components using (3.56)
with the period 7, being equal to 10 ms (i.e., half the time required by a 50
Hz cycle). Thus we obtain the sequence components based on the samples of
the previous half cycle at every 10 ms. We can then obtain the fundamental
rms voltage of each phase through inverse symmetrical component
transform. The instantaneous fundamental voltages can be reconstructed
during every half cycle based on the latest estimates. This is shown in Figure
3.5 in which the actual and the extracted fundamental voltages are plotted.
The effect of filtering out the dc component is clearly seen in phase-a.

AAA
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Figure 3.5. Fundamental reconstruction using half-cycle averaging
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The procedure described above is based on the samples of the previous
half cycle. It has a 10 ms delay in estimation and a maximum delay of
another 10 ms during reconstruction. Therefore it is not suitable for on-line
tracking of fundamental components. The algorithm can be improved by
using moving average in the calculation of the integrals in (3.56). The
following example illustrates this.

Example 3.8: Consider the integrals of (3.56). Suppose the integration
interval of 10 ms is divided into N equal sub-intervals and samples of the
phase voltages are obtained at each of these sample points to compute the
integrand values of (3.56). Then the integrations are performed by
computing the average values. Now note that the integration can be
performed between any two points in the power cycles that are 10 ms apart.
This is the basis of moving average filtering. In this the values of Vo, Vo
and V,, are computed as per (3.56) at each sampling instant with the data of
the last N integrand sample values. Since this is a continuous process, the
settling time is just half cycle for any change in the voltages.

To illustrate the idea, let us assume the same voltages that are given in
Example 3.7. At the end of 2 cycles, the voltages are changed to

v, = O.SX«/f{sin wt +%sin Sa)t+—_1;sin 7a)t}
v, = o.7xﬁ{sin(wt—1 10°)+%sin Slwr -1 10°)+%sin Twr -1 10")}

v, =13x ﬁ{sin(wz +100° )+ ésin S{wr + 100°)+%sin 7wt +100°)}

The actual and reconstructed voltages are shown in Figure 3.6. It can be seen
that the reconstructed waveforms settle within half a cycle after the voltages
are changed. Also note that for the first half cycle the waveforms are not

reconstructed as during this time measurements are gathered.
AAA

Interharmonics are of potential concern to a power system. It has been
mentioned before that they cannot be easily detected using FFT. Also the
fundamental component extraction process discussed above will fail in their
presence. The following example illustrates the idea.

Example 3.9: Let us consider a set of balanced voltage waveforms that
are laced with interharmonics. The voltages are given by
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—~Actual Voltage ----Extracted Voltage
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Figure 3.6. Fundamental reconstruction using moving average filtering

v, = ﬁ{sin wt +0.3sin 2.4w1 + 0.5sin 3.8t}
v, =2 fsin(or ~120° )+ 0.35in 2.4(wr ~120° )+ 0.5sin 3.8(0r ~120° )
v, =2 sin{wr +120°)+ 0.3sin 2.4(e¢ +120° )+ 0.5sin 3.8(r +120° )

The fundamental sequence component extraction algorithm of (3.56) is
now applied in which the integral is computed through moving average
filtering. The averaging window is taken to be 10 ms. The results are shown
in Figure 3.7. It can be seen that none of the reconstructed waveforms are
sinusoidal.

The problem with interharmonics is that they are not integer multiples of
the fundamental frequency. Therefore the integrals of the resulting frequency
components do not vanish in half a cycle. In fact the waveforms given above
have frequency components of 50 Hz, 120 Hz and 190 Hz. The least
common multiplier of these frequencies is 11400 Hz, i.e., 228 times a 50 Hz
cycle. Therefore the averaging time for this case must be chosen to be 114
cycles, i.e., 2.28 s. Clearly this will result in a significant delay in obtaining
the average following any change. Furthermore, the interharmonic frequency
components are not known a priori. Therefore it is also not possible to
choose a suitable averaging time that will eliminate all these frequencies to
produce the fundamental.

AAA
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—~Actual Voltage ----Extracted Voltage
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Figure 3.7. Fundamental reconstruction in the presence of interharmonics
3.3.2 Harmonic Indices

The amplitude of harmonic contents in a current or voltage signal is
characterized by the total harmonic distortion (THD). The percentage total
harmonic distortion of a voltage signal with the rms value of ¥} and rms
harmonic contents of ¥,, n =2, ..., c is given in (2.1). In per unit form the
THD is given by

2V
THD=1"2 (3.57)
%

The problem with this approach is that the THD become infinity if no
fundamental is present. One way to avoid this ambiguity is to use an
alternate definition that represents the harmonic distortion. This is called the
distortion index (DIN) and is defined as [12]

N
)

DIN = ——— (3.58)

N
)

[+ |30

=
n
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It can be seen that the THD and DIN are interrelated by the following
equations

piN=—"1HD (3.59)

V1+ THD?

rHp = 2NV (3.60)

V1- DIN?

The following example illustrates their relations.
Example 3.10: The waveform of Figure 2.10 (a) contains 50 Hz
fundamental, plus 3, 5™, 7" 9™ and 11™ harmonics with their magnitudes

being reciprocal of their harmonic numbers. In Chapter 2 its THD is
calculated as 43.83%, i.e., 0.4383 per unit. The DIN is then given by

DN = \/@ (AT ()
\/”(;) OFCROED

=0.4015

It can be seen that the values of THD and DIN obtained are in accordance to
(3.59) and (3.60).

Let us now consider a waveform that, in addition to 1.0 per unit
fundamental, has a 7" harmonic whose magnitude is 1/7. The THD and DIN
for this waveform respectively are 0.1429 and 0.1414. It can be seen that
these values are very close to each other. Through the Taylor’s series
expansion of (3.59) and (3.60) it has been shown in [12] that the values of
THD and DIN are almost the same when the harmonic distortion is low.

AAA

Since both these indices quantify the harmonic distortion their use is a
matter of preference. For example the IEEE prefers the use of THD while the
European bodies like IEC prefer DIN. The detection of THD in the presence
of interharmonics in not straightforward. We can rewrite (3.57) as
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0
THD =Y 1 (3.61)

1

This equation remains valid even in the presence of interharmonics.
However any waveform in the presence of interharmonics is not strictly
periodic especially if the harmonic frequency is irrational. Thus the
evaluation of (3.61) depends on finding the approximate value of the rms
voltage V,,, of the non-periodic waveform. However if a large number of
cycles is considered over which the waveform is nearly periodic for the
calculation of the rms value, then this will approximately be equal to the true
rms value. Then (3.61) will give an almost correct indication of the total
harmonic distortion.

Power factor (PF) is a well known quantity to all electrical engineers. It
is defined as

P
Vs

rms = rms

PF =

(3.62)

This quantity cannot however be used in a case when the voltage and current
waveforms are not sinusoidal. In such a case a quantity like the displacement
factor (DF) may be of interest. This is defined by [12]

DF =cos¢, = (3.63)

A
g

where the subscript 1 refers to the fundamental components only. It can be
seen that the displacement factor is equal to the power factor for the

sinusoidal case. However for non-sinusoidal cases, the following inequality
holds [12]

PF < DF
34 Analysis of Voltage Sag

Voltage dips are experienced when other customers share a common
supply impedance with an over current event on the supply system or in
customer premises. There are several aspects to this problem. Let us consider
them in turn.

At the low voltage supply a frequent cause of complaint is dips caused by
motor starts in neighboring premises. Direct on line starts of certain classes
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of motor in appliances such as air conditioners can provide significant
voltage drops for fractions of a second. The severity of the dip is high when
a low voltage transformer is rated to supply a very few customers. A higher
rating transformer feeding a larger number of customers reduces the depth of
the voltage dip but affects more customers.

Faults in low voltage supply to customers have a very similar effect as
the motor starts. The duration of the disturbance is now determined by the
fuse characteristic in the customer premises. A fault on a higher voltage
supply to customers such as an 11kV connection can affect a much larger
number of customers. Once again the grading of the protection between the
local supply on customer premises and the feeder protection should mean
that the duration is determined by customer equipment.

Faults on the feeder can be initiated by

— lightning strike,

— trees or branches falling on conductors,

— animals across lines,

— wind causing conductors to clash together and
— digging equipment breaking cables.

The statistics of overhead lines indicate that

— 70% of the faults are single line to ground.
—~ 15% of the faults are double line to ground.
— 10% of the faults are line to line.

—~ 5% of the faults are three phase faults.

The low impedance faults are referred to as bolted faults indicating that
the faulted conductors are effectively bolted together. A much more common
effect is where the fault has some finite impedance. When a line falls on
sandy soil or there is a significant distance for an arc to jump, then the
characteristic may have a constant voltage characteristic. In each half cycle
there is no conduction until the voltage has risen sufficiently to cause
conduction and this continues until the voltage falls below this level. During
this time the voltage at the fault point is roughly constant. The process
repeats itself on each half cycle. There is a degree of variability of the
separations and arc path, which means that the fault voltage may vary in
each half cycle and may demonstrate restriking.

There are many loads that cannot tolerate voltage sags like adjustable
speed drives, computers, programmable logic controllers etc. The ASDs are
used in many process industries. If these drives freeze due to voltage sags,
then that can result in the termination of the process in which these drives
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are employed. These may result in the fall of the quality of the product or
simply in the loss of raw material that cannot be used again. Therefore these
undesirable events must be avoided.

The voltage sag events must be qualified for the calculation of an index.
Usually a sag is said to have occurred if the rms voltage in any one phase has
fallen below 75% of the nominal value [13]. A sag below 10% of the
nominal value is considered as an interruption and this has to be qualified
using the outage indices discussed earlier in the chapter. Many methods have
been proposed for the development of a composite index of all voltage sag
events during a defined period. Below we shall discuss a few of them.

34.1 Detroit Edison Sag Score
The Detroit Edison sag score (SS) is defined as [13]

YV Ve
3

SS (3.64)

where ¥V, V; and V- are the rms values of the phase voltages in per unit.
Even though this method is very simple to use, it does not consider the
duration of the voltage sag. We have seen from the voltage tolerance level
curves (e.g. CBEMA curve) in Chapter 2 that the time duration of any sag or
swell event is an important parameter to quantify the impact of these events
on a particular load. Therefore despite its simplicity the sag score cannot
indicate the damage a sag event may have on a particular load.

34.2 Voltage Sag Energy
The voltage sag energy is defined as [14]

Ey, = 7[{ —K@}zdt (3.65)

0

hom

where V is the magnitude of the voltage and ¥, is the nominal voltage and
T duration of the sag.

3.4.3 Voltage Sag Lost Energy Index (VSLEI)

This index gives the lost energy during a sag event as [13]



3. Analysis and Conventional Mitigation Methods 89

V 314
W:{L- } xT (3.66)

nom

where V is the phase voltage in per unit of nominal voltage during a sag
event and 7T sag duration in milliseconds. Note that factor 3.14 associated
with the power of voltage is derived from the CBEMA curve. This is done
by applying the least squares curve fitting of the log plot of the CBEMA
curve [13]. For a three-phase sag event, (3.66) can be modified to include the
unequal duration sag of all the phases as

% 314 y 3.14 Vv 314
W=:-—2 xT, +41-—2 x Ty +41——< xT, (3.67)
Vn()m Vn()m Vrmm

where V,, V, and V, are the voltage of the three phases and T, T, and T, are
their respective duration of sag events. Consider the following example.

Example 3.11: Let us consider a set of three voltages that are phase
displaced by 120°. The voltages start with a peak value of V2 per unit when
an unbalanced sag occurs. The instant of occurrence of the sag in the three
phases is not the same, neither is the time when the sag disappears. Also the
magnitudes of the sag in the three phases are not the same. The peak values
of the voltage in phases a, b and ¢ during the sag are V2x0.72 per unit,
V2x0.9 per unit and V2x0.65 per unit respectively. The voltages are shown in
Figure 3.8 (a).

To compute VSLEI (W) from (3.67) we require the rms value of the
phase voltage and the duration of the sag. The rms value can be computed
from

Vo o=

T
] [ ,
rms To ' ( ) ( )

0

where Ty is the time period over which the integral is computed. Note that
the rms value can be calculated by obtaining the moving average of the
square of the instantaneous voltage in which the time window Ty can be
selected as 10 ms (half a cycle). As we have mentioned before this enables
the rms measurement to settle to the steady state value exactly half a cycle
following any change in the voltage. The moving averaged rms values of the
three phase voltage are shown in Figure 3.8 (b-d).
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Notice that rms voltage starts changing as soon as the sag occurs.
However it takes 10 ms to reach the steady state value. We can therefore
take minimal value as the sag voltage. We assume that the inception of the
sag is the instant at which the moving rms voltage starts falling from the
steady state value of 1.0 per unit. Also the sag ends at the instant in which
the rms value starts climbing towards the steady state value of 1.0 per unit.
The time period of the sag is then the time difference between these two
instants,

(a) Source Voltage (pu) (b) Phase-a rms (pu)
1
0.5
00 0.05 0.1
(c) Phase-b rms (pu) (d) Phase-c rms (pu)
1 1
05 0.5
00 0.05 0.1 00 0.05 0.1
Time (s) Time (s)

Figure 3.8. Voltage sag and its moving averaged rms measurement

Using the above simple logic the time duration of the sag is computed as
20.5 ms, 29.6 ms and 22.7 ms. Therefore we get the following from (3.67)

w=(1-0.72)" %205+ (1-09)" x29.6+(1-0.65)" x22.7
=1.2382

Note that the complexities involved with the calculation of the duration
of the sag make the Detroit Edison sag score easier to use. In this case the
score will be one third of the sum of 0.72, 0.9 and 0.65, i.e., 0.7567.

AAA

3.5 Analysis of Voltage Flicker

Voltage flicker is a problem of human perception. Usually the deviation
in the flickering voltage is much less than the threshold of susceptibility of
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the electrical equipment. It is therefore unlikely that such voltage can cause
damage to any equipment. However a flickering voltage will cause a
continuous deviation in the light intensity of incandescent lamps. This
variation is perceived as disturbing by customers particularly in the range of
3 to 15 times per second.

The main cause of voltage flicker is the arc loads like arc furnace, arc
welder and arc lamp. Also starting of large motors can cause the voltage to
flicker, as this will require a large inrush current during the starting. Electric
arc furnaces are time varying and non-linear loads that generate random
perturbation at the point of common coupling with the electric utility [15].
Such furnaces are usually used for steel melting and these units can be very
big in size (100 MW or above). Usually a melting cycle can be divided into
three distinct steps — drilling period, melting period and reheating period
[15]. During the drilling period, reduced voltage and power are required for
a short duration to reduce the material to scrap. The arc length varies
irregularly during this period. The full voltage and power is given during the
melting period for melting the scrap. The time required for melting is
relatively large. Lower voltage and power is required during the reheat
process when the arc lengths are shorter. Due to uneven arc length during the
entire melting cycle, the bus voltage fluctuates continuously during the
melting cycle.

A typical fluctuating voltage is shown in Figure 3.9 (a). This is the
voltage across a non-linear and time varying load. The load current is shown
in Figure 3.9 (b). It can be seen that load current continuously varies and the
load voltage continuously fluctuates.

The IEC standard 61000-3-7 [16] presents a three-step procedure for
evaluating loads. The first step is an “automatic acceptance” procedure that
can be applied to assess the impact of a potential customer without detailed
analysis. Table 3.5 shows the criteria for medium voltage (MV) connections
for 1 kV <MV <35kV which specifies the maximum allowable ratio of load
power variation AS to the available short circuit power Sy as a function of
the fluctuation rate. Fluctuating loads connected directly to a high voltage
(HV) supply for 35 kV < HV < 230 kV can be accepted without further
study provided the ratio S,./Ss: < 0.1% where S, is the maximum load
power.

The consequence of these flicker standards is to encourage connection of
potentially disturbing loads to higher voltage supplies. For large arc furnaces
there is a limit to the extent that the connection point selection can solve all
the problems. Reactive voltage controllers may then be required to correct
the voltage within the specified limits.
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Table 3.5. Maximum possible load variations for automatic acceptance of MV loads

Number of variations per minute (R) AS/Sg
R>200 0.1
10 <R <200 0.2
R<10 0.4

Power quality problems are as old as power distribution through feeders.
Therefore at least the partial mitigation of these problems existed even
before the advent of power electronic controllers. We shall call these
conventional mitigation techniques. We shall now discuss some of these
techniques. However it must be appreciated that these conventional
techniques are not flexible and in no way can match the performance of the
power electronic controllers.

(a) PCC Voltage

~ 0.5}
3
a
>0
05
0 0.1 0.2 03 04
(b) Load current
10 ; R
~ 5
3
c
T o
5L
0 0.1 0.2 03 04
Time (s)

Figure 3.9. Voltage flicker due to time varying, non-linear load
3.6 Reduced Duration and Customer Impact of Outages

The duration of an outage and the number of customers involved are key
parameters to address when seeking to improve power quality. The
conventional approach to reduce impact of faults is by the use of reclosers
and provision of alternate paths of supply. When a fault occurs on a radial
feeder the feeder breaker needs to open for safety and to prevent equipment
damage. This leaves every customer on that feeder without supply. Up to
70% of faults on overhead lines are transient in nature and if a circuit
breaker recloses there is a good chance that the lines that clashed have
separated or the branch that fell on the lines has fallen to ground. A common
practice in Australia is to have 2 attempts to reclose first at a short interval
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less than 5 seconds and next at an interval up to 30 seconds. If this fails then
the circuit is locked out until manual line inspection can occur. This use of
reclosing can significantly reduce the customer minutes lost for a
distribution company but its customers will still experience an outage which
will stop their computers, fax machines and will have clocks on ovens,
microwaves, stereos, VCRs, clock radios all flashing.

For permanent faults in urban areas air break switches (ABS) and
Normally Open Tie Switches (NOTS) are the main tools to restore supply.
The ABS are shown as ‘X’ on Figure 3.10. The NOTS connecting to feeders
from the same substation are shown in lower case while NOTS to feeders
from other substations (not shown in the figure) are shown as Capitals.

The aim is to determine the faulted segment and open air break switches
on either side of the fault. The main circuit breaker can now be reclosed and
the supply restored to the upstream side. In many cases a connection to
another intact feeder from the same or nearby substation has been designed
into the system, thus supply can be restored to customers downstream of the
faulted section. Once the faulted section is repaired it usually requires
another break in supply while the original configuration is restored.
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Figure 3.10. System Topology diagram for an 11kV Net
3.7 Classical Load Balancing Problem

The traditional approach to load balancing is to connect equal nominal
loads to each phase. Normally the load diversity is sufficient so that severe
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imbalance will be very infrequent. For larger loads, diversity is not sufficient
and connection agreements limit the size of single-phase loads that can be
connected without negotiation. Where load imbalance is unavoidable, the
point of common coupling can be reinforced by a stronger supply, or the
offending load more is made isolated by insertion of a separate high voltage
connection via transformer.

Below we discuss the classical load balancing problem that has been first
introduced by Charles Steinmetz [17]. We shall discuss the open-loop
approach first and then present how this can be implemented in closed-loop
through thyristor-based controllers.

3.7.1 Open-Loop Balancing

The load here is represented as a A-connected set of admitances, Yu, Y
and Y., as shown in Figure 3.11. Let us decompose the load admittance into
real and imaginary terms, such that

Yab :Gab + jBab

Y, =G, + jB, (3.69)
YCG = GCG + .]’BCG

The basic idea of load compensation is to connect three purely reactive
elements (susceptances) B,u, B, and B, in parallel with the load (see
Figure 3.11). Let us first compensate for the reactive portion of the load such
that it becomes unity power factor. To do that let us define

Byab = B,Vﬂb (1) + Byab (2)
B, =B, (1)+ B, (2) (3.70)
B,,=B,,(1)+B,,(2)

where
Byab (l) = —Bab
B, (1)=-B,, (3.71)
Byca (l) = —Bca

The overall load is now real. However, it still is unbalanced. Thus to balance
it we must determine the components B,.(2), Bys(2) and By.(2) of the
compensator.
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e
Ia - I ab .
B yab.‘.o‘ Q ," '.‘. Byca
K Voo Ya\ \
1 b Y, be \1 ca
—’ #ﬁ
b e— N SIS R
Do i,
1 T e ’
c —» B ybe

Figure 3.11. Scheme for balancing an unbalanced A-connected load

Since the load is A-connected, the zero-sequence current is zero. We
must therefore choose the susceptances Byu(2), Bys(2) and B,4(2) in such a
way that the negative sequence current through the load is forced to zero.
The compensation algorithm depends on the exact voltage applied. For this
discussion the voltage is assumed to be pure positive sequence and has line-
to-line rms value of 1.0 per unit. The sequence currents I, I, and I; can
then be obtained using (3.10). Now from Figure 3.11, we have

I,=1,-1,,1,=1

ca?

he —Iah and Ic :Ic'a _"Ibc
The negative sequence of the line current can then be found in terms of
the phase currents as

l,= —1—(1 -a’ ){10,, +a’l,, + aIa,} (3.72)

NG

The reactive components for balancing are connected in A. Let us assume
Vas =1, Voo = a® and V,, = a. Then the negative-sequence component for the
line currents that is flowing through the added compensation of Bju(2),
B,s(2) and B,.(2) can be found as

(1 - a2 ){.} Vah Byab (2) + ja2 th Byhc (2) + ja Vca Byca (2)}
(3.73)

(1-a?)jB,, @)+ jaB,,. (2)+ ja’B,..2)}
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This must cancel the negative sequence current due to the load
conductances. Thus

%(1 ~a’){jB,,(2)+ jaB,,.(2) + ja*B,.,(2)} -
+—(1-a?)G,, +4G,, +a%G,,}=0

V3

The positive sequence of the balancing compensator yields
1 . . .
]al = 75(1 _a){./ yab (2)+ jBybc (2)+ jByca(z)}

As we want the compensated load to be unity power factor, the imaginary
component of the above equation must be zero. Therefore,

{jByab (2)+jBybc'(2)+jByca(2)}:0 (375)

Separating the real and imaginary parts of (3.74) and combining with
(3.75) we get

0 -v3/2 3/2([B,0@)] [-1 12 12 ][Ga
I =12 -12||B,(@)|=| 0 -+3/2 V3/2||G,| (3.76)
11 1 ||B,.()] |0 0 0 ||G,

Solving the above equation we get

Byab (2) 0 -1 ab

1[G
Bybc (2) = ﬁ 1 0 -1 Gbc (377)
B,,(2) -1 1 0}||G,

Combining (3.71) and (3.77) and substituting in (3.70) we get the
susceptances that will balance the unbalanced load as

Bu| [Ba] [0 -1 1][Ga
B |=— By |+—| 1 0 -1||G, (3.78)
B..| |B. -1 1 o0l|G

V3

ca
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Example 3.12: Let us consider the following unbalanced A-connected
load

Z,, =6.0+ ;3.0 per unit
Z,. =3.0+ jl.5 per unit
Z., =75+ jl.5 per unit

The admittances are then

Y, =0.1333 - j0.0667 per unit
Y, =0.2667 — j0.1333 per unit
Y, =0.1282 — j0.0256 per unit

The compensator susceptances will then be

B, =0.0667 + (0.1282 — 0.2667)/+/3 = —0.0133 per unit
B, =0.1333 +(0.1333 - 0.1282)/+/3 = 0.1363 per unit
B,., =0.0256 + (0.2667 — 0.1333)/+/3 = 0.1025 per unit

The cumulative load and compensator (we refer it as compensated)
admittances are then

Yoo =Y, + jB,, =0.1333 - j0.0799 per unit
v =Y, +jB,,. =0.2667+ j0.0030 per unit
ve =Y, +jB,, =0.1282+ j0.0770 per unit

comp ybe
comp yca

Let us assume V= 1, V,. = a* and V,, = a. The phase currents are then
I, = 0.1555£—- 30.95° per unit, I,, = 0.2667 Z— 119.36° per unit and

I, = 0.1495.2150.98° per unit. We then get the following values of the line
currents

I,=0.305£-30° per unit
1, =0.305£-150° per unit
I.=0.305£90° per unit
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It can then be seen that even if the phase currents are unbalanced, the line
currents are balanced. This implies that the source sees the compensated load
consisting of three equal Y-connected resistors that have a value of
1/(\3 x 0.305) = 1.8929 per unit. It is interesting to note that

]
1.8929

=0.5282=G,, +G, +G,,

AAA

The classical load balancing problem has been used in power systems
using static var compensators. There are various ways in which loads can be
balanced using SVCs. A direct implementation of the Steinmetz equations
will allow a measured unbalanced load to be balanced by applying
appropriate reactive elements between phases. We now discuss the balancing
of the negative phase sequence (NPS) problem discussed in Chapter 2
(Section 2.2.5). Here the balancing compensator is on the secondary of a Y/A
transformer and the Steinmetz equations required are modifird to allow for
the phase shift of the sequences through the transformer.

Two Queensland Railway substations are shown in Figure 2.19, of which
we consider the Grantleigh substation. The SVCs used in the load balancing
in Queensland Rail have fixed capacitors and a thyristor controlled reactor
(TCR) on the secondary of a star-delta transformer as shown in Figure 3.12.
Note that the fixed capacitor bank is configured as a third and fifth harmonic
filter with a combined unsymmetrical rating of 11, 5, 11 MVAr for phases
RS, ST and TR respectively [18].

Traction loads that produce NPS currents which exceed the balancing
capability of the SVC will cause the NPS voltage at the subject busbar to rise
dependent only on the negative sequence impedance of the supply at the
point of common coupling. Figure 3.13 shows the correlation between NPS
voltage magnitude at the Grantleigh 132 kV busbar and railway loads in
phase pair AB measured at Grantleigh on the 50 kV busbar. The point at
which the SVC reaches its maximum capability and the NPS begins to rise
occurs at approximately 220 A [18]. The residual NPS voltage of
approximately 0.2% occurs because of the open-loop nature of the Steinmetz
compensator. The correction for load imbalance is compensated but the
background transmission line NPS is not seen and not corrected.

3.7.2 Closed-Loop balancing

An alternative is to directly control the busbar voltages in such a way as
to minimize the NPS voltage component. The latter method takes into
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account of any imperfectly transposed transmission lines and other sources
of unbalance. For suppression of all NPS components, the load balancing is
not based on impedance measurement but on feedback control of the reactive
components. Consider the line currents contributed by the reactive elements.
They are found from the currents in each element.

‘T 132 kv
36 MVA

R 5.7 kV
S
| i
T T T
P 3d Filter
5th Filter
15 MVAURh g 5355 MVAr
TCR
17 MVAr/ph

Figure 3.12. Structure of FC-TCR SVC used at Grantleigh

0.0 100.0 200.0 300.0 400.0
Transformer AB Current (A)

Figure 3.13. Correlation of NPS voltage at PCC with loads in the AB phase at Grantleigh

Provided the voltages at the compensator are close to positive sequence
at angle Athe line currents can be found as
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L ! 0 —a| Byl
I, |= JZ<6+300) -1 a0 | B (3.79)
¢ 0 _a2 a Bca Vcal

Let us choose a control law to make the reactive element current
proportional to the magnitude of the voltage error from the balance

Bab

Vab

= k|AV,,|

When this current is flowing through a line of impedance /X, the resulting
change in phasor voltage response is

AV I 0 -allav,,
Ay |= ko +30°) -1 @@ o lav, (3.80)
AV! 0 -a allav,

The line to line voltage response then satisfies

AV, 1 -1 0 1 0 —al AV,

AvL | = fx0+300) 0 1 —1|x|-1 & oAk,

AV -1 0 1 0 -a* ajjav,
(3.81)

For small changes in voltage the magnitude change is the component of
the voltage aligned with the phase voltage. The phasor V,, is at angle 6+ 30°
and therefore we take the product of the above equation with a unit vector at
— 6-30° to find the approximate magnitude change, i.e.,

a7z, I -1 0 1 0 -a
lavy||=jfkxso+30°) 0 1 —1) -1 a0
lAVcZ -1 0 1| 0 -d° a

10 07 |av,
<0 a 0|[ar.||l4-0-30")
0 0 da||Av,
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The above equation reduces to

a7, 2 -1 -1]jav,)|
Avz||=—kx|-1 2 1| [AV, (3.82)
‘AVCZ -1 -1 2] |av,]

Note that the line-to-line voltage can have no zero sequence component,
thus the equation reduces to a separate phase result

A, 10 of|av,,]
[av;i||=-3kx|0 1 o)A, (3.83)
lav, 0 0 1]jar,

The correction in the compensator voltage from the line drop causes changes
in the magnitudes of the line to line voltages which are in the opposite sense
to the errors. Any zero sequence error is unable to be corrected because of
the delta connection of the compensator. If the correction always has a finite
gain, the voltage will converge towards positive sequence, but there would
always be a residual offset due to the finite gain of the feedback law. From
the analysis above we can conclude that integral controllers can provide for
voltage balance and positive sequence correction, provided the unbalance of
the voltage is limited.

Example 3.13: An experimental result is reported in [19]. The
experimental setup contained an inductive transmission line, a switched Y-
connected RL load and a transformer connected TSC. Three TSC banks are
connected in parallel. The values of the capacitances are chosen such that the
TSC can be switched in a binary fashion to give seven different levels. The
TSCs banks are connected in delta and are rated 415 V (line-to-line) and
40 kVA. The reactance of inductor modeling the transmission line has been
6.75 Q. The unbalanced load contains a 10 Q resistor in each phase that is
connected in series with an inductor. The reactances of the inductors are
116 Q, 45 Q and 233 Q for the three phases. The schematic diagram of the
TSC along with its control circuit is shown in Figure 3.14. The TSC circuit
contains an inrush current limiting inductor, an RC snubber connected across
the back to back thyristors and the main capacitor bank.

The capacitor bank in phase ab is incremented when the voltage Vo is
low. This independent control of the phases was shown to be satisfactory
theoretically in this section and was confirmed in this experiment. Figure
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3.15 shows the correction of voltage in one phase. Note that the use of
discrete steps in the compensator means that there will be some residual
imbalance in the system. The use of TSC is only suitable for correction of
voltage drops and would require inductors to correct for undervoltages.

AAA

Figure 3.14. Schematic diagram of the TSC and its control scheme
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Figure 3.15. Error in line-to-line voltage with TSC control
3.7.3 Current Balancing

If the supply voltage is close to positive sequence, the current through the
compensator can be made equal to the negative sequence current generated
by an unbalanced load. Let us assume that the positive sequence line-to-
neutral voltages are given by V, =1, V, = a* and V. = a. The line-to-line
voltages then are
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Va 1-a°
V,. |=|a*-a (3.84)
V. a-1

The current flowing in the delta are obtained from the above voltages as

1,] [B,(-a%)
=4 B,.(a* - 4a) (3.85)
I, B, (a-1)

The line currents are then given by

L1771 o -1][B,0-a)
L=, 1=|-1 1 oljB,la*-a) (3.86)
I, 0 -1 1|| B,la-1)

The sequence currents are found as

11 17 B, az))—Bca((a—l))
I :P[“:—j— 1 a a*|B,la*~-a)-B, 1-a’
" h V3 1 a° Bhw(a—l)—BbLza2 *a)

Solving the above equation we get

0
o, = J‘E (Bab + B, +B.,) (3.87)
-\a’B,, + B, +aB,,

Thus the compensator cannot deliver zero sequence current, the positive
sequence contribution is at a fixed angle while the negative sequence
component can be at an arbitrary angle. Let the desired negative sequence
current be ¢ + jd and the desired positive sequence current is je. Then we
have
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e
—=(B,, + B, + B,

\/5 ( b b )
c+jd :_j[(—%—j_@)Bab +Bbc +(—l+j\/—3_)3w]

NE) 2 2 2

which can be expressed as

SR _
— 1 1 1{| B
\/5 \/— ah
_j? - __23 0 i} B,, (3.88)
_d— l -1 l Bca
Bl o2 2]
From (3.88) we get
R
B, 2 2 21l e
2 i1
th 23—\/? ‘2‘ 0 ~1 C (389)
Lo
2 2

N | —
[

Thus a solution can be found in terms of the required compensator
current for the compensator admittances. Naturally when no zero sequence
correction is required all reactances are equal. This result is only strictly true
for positive sequence voltage at the compensator and load terminals.

3.8 Harmonic Reduction

The most common concentrated source of harmonics is the rectifier front
end on motor drives and converters, fluorescent lamps and computer power
supplies. When the load is a large rectifier then changing from six pulse
rectifiers to twelve pulse or even up to 48 pulse can significantly reduce the
strength of low order harmonics. Perfect cancellation of the low harmonics
requires perfect symmetry of transformers and impedances and practical
systems will always have some residual low order harmonics. The voltage at
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the point of common coupling with other customers may have low
harmonics if the source impedance at that point is low.

Because of the adverse effects that harmonics have on loads, standards
have been developed to define the worst case environment that
manufacturers should design equipment to operate within. The standards
also set a basis for defining responsibility for correction if a new load is to be
connected which could have adverse effects.

The Institute of Electrical and Electronics Engineers (IEEE) sets limits to
the permitted voltage distortion at the point of common coupling (PCC) in
IEEE 519 [20] which are largely adopted in North America. The PCC refers
to the location in the network where other customers may be connected. This
distinction can be important where a distorting load is fed from a dedicated
line and the substation represents the lower distortion point of the network
where other customers may be connected. Let us define V), to be the per unit
voltage (with respect to the fundamental) of the n™ harmonic component.
Then the individual harmonic components and the THD at the PCC are
given in Table 3.6.

Table 3.6. IEEE 519: Voltage distortion limits [20]
Bus Voltage at PCC Individual ¥, (per unit)  Voltage THD (percent)

Less than 69 kV 3.0 5.0
Between 69 kV and 1.5 2.5
161 kV

Above 161 kV 1.0 1.5

IEC divides load into three classes. In this Class-1 refers to low voltage
public supply and Classes 2 and 3 refer to industrial loads. The IEC
recommended voltage distortion levels for the three classes are given in
Tables 3.7 to 3.9 [21,22]. The total harmonic voltage distortion for Class-1
must be below 8 %, while those for Classes 2 and 3 must be below 10% for
all harmonics up to 40. As we have mentioned before, the IEEE
recommended practices are popular in the North America, while IEC
standards are followed all over Europe. Therefore there is no uniform
guidelines about the magnitude of the tolerable harmonic distortion.

For low power equipment, limits are also set on the permitted current
distortion by IEC 61000-3-2 and are given in Table 3.10 [23]. IEEE 519
current harmonic standards are different for distribution, subtransmission
and transmission systems [20]. The limits for distribution and transmission
systems are given in Tables 3.11 and 3.12 respectively. The limits for
subtransmission systems (69—161 kV) are half of the corresponding limits of
the distribution systems.
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Table 3.7. IEC 61000-2-2: Voltage distortion limits in public low-voltage networks (Class-1)
(21]
Odd harmonics Even harmonics Triplen Harmonics
n Y (pu) n Vi (pu) n Vo (pw)
5 6 2 2 3 5
7 5 4 1 9 1.5
11 35 6 0.5 15 0.3
13 3 8 0.5 221 0.2
17 2 10 0.5
19 1.5 212 0.2
23 1.
25 1.5
229 X
x=02+125/n

Table 3.8. IEC 61000-2-4: Voltage distortion limits in industrial plants (Class-2) [22]

Odd harmonics

Even harmonics Triplen Harmonics

n V. (pu) n V, (pu) n V, (pu)
5 6 2 2 3 5
7 5 4 1 9 1.5
11 3.5 6 0.5 15 0.3
13 3 8 0.5 221 0.2
17 2 10 0.5
19 1.5 212 0.2
23 1.5
25 1.5
>29 X
x=02+12.5/n

Table 3.9. IEC 61000-2-4: Voltage distortion limits in industrial plants (Class-3) [22]

0Odd harmonics

Even harmonics Triplen Harmonics

n V, (pu) n Vi (pu) n Vi (pu)
5 8 2 3 3 6
7 7 4 1.5 9 2.5
11 5 26 1 15 2
13 4.5 21 1.75
17 4 227 1
19 4
23 3.5
25 3.5
229 y
y=5V(11//n)

The current limits in these tables are given for odd harmonics. The even
harmonics are limited to 25% of the odd harmonics limits. For all power
generation equipment, distortion limits are those with I/l <20, where Is¢
is the maximum short circuit current at the PCC and [, is the maximum
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fundamental frequency of 15 or 30 minute load current at the PCC. Total
demand distortion (TDD) is the total root-sum-square harmonic current
distortion in percent of the maximum demand load current for 15 or 30
minute demand. This means that TDD is essentially the THD, but
normalized by 1;.

Table 3.10. IEC 61000-3-2 maximum permissible harmonic currents for class D equipment
(current limited to less than or equal to 16 A per phase) [23]

n 3 5 7 9 11 13 15 10 39
Max I, 23 1.14 0.77 0.40 0.33 021 0.15 -
(A) 0.15/n

Table 3.11. IEEE 519 current distortion limits for distribution systems (120 V - 69 kV) [20]

L1, (%) TDD (%)
Isc/l, n<ll 11<n< 17<n< 23<n< 35<n
17 23 35

<20 4.0 2.0 1.5 0.6 0.3 S
20-50 7.0 2.5 2.5 1.0 0.5 8
50-100 12 5.5 5.0 2.0 1.0 15

100- 12 5.5 5.0 2.0 1.0 15

1000
> 1000 15 7.0 6.0 2.5 1.4 20

Table 3.12. IEEE 519 current distortion limits for transmission systems (> 161 kV) [20]

1/1 (%) TDD (%)
Ly, n<ll 11<n< 17<n< 23<n< 35<n
17 23 35
<50 2.0 1.0 0.75 0.3 0.15 5
>50 3.0 1.5 1.15 0.45 0.22 8

There are two approaches conventionally applied to reduce harmonic
problems when they arise. These are

— Reduce the level of harmonics from the source.
— Correct at the PCC or deep into the network.

The source reduction may involve a higher pulse number in rectifiers to
achieve some net cancellation of lower harmonics. It could include filtering
components within the equipment. Network solutions could include
changing the placement of capacitor banks to reduce resonance. However the
more common requirement is to install harmonic filters to provide a
preferential path for harmonic current. Typically this consists of a set of
shunt LC filters tuned for each of the troublesome frequencies often
combined with a general high pass filter to attenuate the higher frequency
distortion.
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The difficulties with the use of such filters are

— The power system Thevenin equivalent is variable and the design for the
harmonic filter must make some worst case assumptions about the
equivalent source impedance.

— The best filtering occurs for a sharply notched filter but the design of
each filter needs to take into account the fact that line frequency is not
rock steady and a variation of as much as 0.5 Hz is possible. Larger
deviations can occur in small systems with low total inertia or in
countries with inadequate generation resources. This deviation means
that a 7™ harmonic filter for a 50 Hz system may need to be designed for
the required harmonic reduction between 346.5 Hz and 353.5 Hz.

— As components age their impedance value varies. This is particularly true
for capacitors. The filter must thus be designed for some degree of
tolerance of components as well as incorporation of tuning elements to
restore the center frequency to nominal.

The design of tuned filters is reported in [15,24]. However the best option
as per as harmonic reduction is active filtering. This will be discussed in
detail in Chapters 7 and 8.

3.9 Voltage Sag or Dip Reduction

The duration of a voltage dip is limited by the ceasing of the transient
causing the sag or by fault clearing through the operation of a protective
device. For a motor start transient the duration is set by the run-up time of
the motor. For a conductor clash the system may not experience a follow
through arc and the fault will self clear at the next zero crossing. A branch
could brush against a line and cause a temporary line fault. More commonly
a circuit breaker or fuse must operate to break the fault current and provide
sufficient time for the ionized air to dissipate and recombine. For many
distribution circuit breakers and fuses there are characteristics which
determine the clearing time setting. A very high fault current initiates a very
rapid trip while a fault producing a mild overcurrent may take a minute or
more before the protection operates.

The depth of the voltage dip and the number of customers affected to a
given level depends on the fault model and the distribution and level of
source impedance. Consider a high impedance transformer feeding two
feeders as in Figure 3.16 (a). A severe fault on a feeder, such as on Bus 2 of
the left feeder, will cause voltage dips for all customers on both feeders until
the circuit breaker on the left feeder operates producing an outage for those
customers. Those on the right feeder will experience a sag until the breaker
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clears the faulted feeder. For the second case in Figure 3.16 (b) there will be
only a mild sag on the right feeder for the fault on bus 2. All customers on
the left feeder will experience an outage until the fault is cleared and the
breaker reclosed or until the faulted section is isolated and supply is given
through an alternate feeder.
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Figure 3.16. (a) Common source impedance and (b) separate source impedances

The vast majority of faults are single line to ground. This means that the
fault current can be limited by inclusion of additional impedance in the zero
sequence path. For example consider the distribution system of Figure 3.17.
A standard adopted in many countries is the use of star delta transformers
with the delta always on the high voltage side. For a line to ground fault on
the line to the customer premises, the zero sequence current must flow
through the neutral of the transformer at Bus-2. Inclusion of a neutral
earthing Reactor or neutral resistor on the star side of transformers can
significantly reduce fault currents. If phase-a of the line is faulted, the line
voltages will show a zero sequence offset but this will not be seen by
customers on the far side of the star delta transformers who will thus only
experience a mild voltage dip. The disadvantage of a large impedance can be
in the overvoltage transient created on the unfaulted phase leading to
insulator breakdown.

If a feeder is of high impedance, then for faults at the far end even a high
impedance fault can cause a severe depth of sag in the proximity of the fault.
But the high impedance can mean that there is little sag for customers
connected near the substation. For a low impedance line, a high impedance
fault will cause only mild voltage dips. One of the severe difficulties for
rural supplies using overhead lines is that there is a long length of exposed
line with each of the branching feeders. In many cases there is a common
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source impedance so a line or medium voltage customer fault can cause a
voltage dip over areas of hundreds of square kilometers.
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Figure 3.17. Fault current reduction through neutral earthing impedance

If there are some industrial customers very sensitive to voltage dips, the
frequency of faults on that feeder can be reduced by setting switches such
that only a short line section becomes part of the industrial feeder. This
reduces the exposure to faults. This will not however greatly affect voltage
dips unless the common source impedance is kept very low. For voltage drop
under loads and for loss reduction it may be desirable to operate
transformers as in Figure 3.16 (b) in parallel by joining buses 1 and 5. From
the viewpoint of voltage dips it is essential to keep the buses split.

The expected sag level in a distribution system can be predicted by
knowing the system structure, the distribution of faults per kilometer of line,
and the distribution of fault impedances. For a radial distribution system the
faults can be applied in sequence to each bus to determine the voltages for
all other buses. The duration of the dip is determined by the protection
characteristics. Thus knowing the fault location and impedance, the duration
of the fault until it is cleared can be determined. Recording the depth and
duration and based on the fault probability, a probability assignment table is
formed. When all buses have been examined, the probability of occurrence
and its duration are recorded, the probability of crossing the CBEMA curve
is established. The probability contours can indicate sensitive system areas
or where tuning of protection can aid in sag effect reduction.

3.10 Conclusions

The power quality aspects discussed in this chapter are: voltage dips,
surges, harmonics, flickers, momentary outages and extended outages. There
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are two main aspects of power quality that are reported frequently. These are
momentary outages or dips sufficient to trip equipment and the extended
outages. Harmonic levels do not usually result in high levels of customer
complaint in most circumstances. One issue that does arise is where ripple
control signals are used for switching street lights and hot water systems.
High harmonic levels have been known to cause false switching of these
ripple controlled hot water systems and the customer complaints are
generated in response to customers experiencing cold showers.

In this chapter we have discussed the power quality standards and
conventional mitigation techniques to the power quality problems. In
addition to the mitigation techniques discussed above, the use of shunt
capacitors to provide reactive power support is well known [17]. In addition,
series capacitors are also used in distribution systems. The traditional
method of voltage feeder mitigation involves reconfiguration of the feeders
or substations. It is however reported that series capacitors can mitigate
voltage flickers [25]. These capacitors however can lead to both
ferroresonance problems involving transformers and subsynchronous
resonance problems including motors. Usually such series capacitors have a
bypass switch and a zinc-oxide arrester in parallel. The arrester restricts the
voltage across the device and the bypass switch can remove the capacitor
from the line in case of a fault.

It must however be emphasized here that none of the conventional
mitigation techniques are flexible. For example a tuned filter, which is tuned
to eliminate the 5™ harmonic, can lead to resonance at some other frequency
depending on the network configuration and harmonic component of the
load. Therefore it is imperative that better and flexible mitigating devices are
used for power quality problems. In the next chapter we introduce the
concept of custom power and the custom power devices that provide us with
a flexible choice to alleviate the problems.
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Chapter 4

Custom Power Devices: An Introduction

The concept of custom power was introduced by N. G. Hingorani [1].
Like flexible ac transmission systems (FACTS) for transmission systems, the
term custom power (CP) pertains to the use of power electronic controllers
for distribution systems. Just as FACTS improves the reliability and quality
of power transmission by simultaneously enhancing both power transfer
volume and stability, the custom power enhances the quality and reliability
of power that is delivered to customers. Under this scheme a customer
receives a prespecified quality power. This prespecified quality may contain
a combination of specifications of the following

— Frequency of rare power interruptions.

~ Magnitude and duration of over and undervoltages within specified
limits.

— Low harmonic distortion in the supply voltage.

— Low phase unbalance.

— Low flicker in the supply voltage.

— Frequency of the supply voltage within specified limits.

There are many custom power devices. The compensating power
electronic devices are either connected in shunt or in series or a combination
of both. In addition there are current breaking devices that are power
electronic based. Any one or a combination of two or more of these devices
are used to fulfill each one of the above mentioned objectives.

In this chapter we shall introduce the concept of all these custom power
devices. We shall also discuss the concept of Custom Power Park that can
serve customers who demand high quality power and are ready to pay a
premium price for service provided to them. The high quality power

A. Ghosh et al., Power Quality Enhancement Using Custom Power Devices
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supplied to the customers in a custom power park can also have different
grades of supply quality. We shall start our discussion with utility-customer
interface problem in which we shall discuss what a customer can expect
from the utility and what the utility in return can expect from its customers.

It is however to be realized that the use of custom power is still in its
infancy. Therefore, there is limited experience from custom power
equipment installations. There is also an apparent reluctance in the
community to disclose such experience even if it is positive. There is
definitely no discussion of any negative experience. It is a common belief
amongst the manufacturers and utilities alike that a substantial competitive
advantage can be gained if the know-how of custom power equipment is not
made available to others. We have therefore developed our models of the
custom power equipment and tried to study these devices objectively. In this
chapter we shall try to analyze the situation from a global standpoint rather
than from the load perspective only.

4.1 Utility-Customer Interface

Consider the radial distribution system shown in Figure 4.1. It contains
three load buses that are supplied by a source. As we have seen in Chapter 2
that if any of these three Joads is unbalanced, it will cause unbalanced
currents to flow through the feeder. This will also result in unbalanced bus
voltages which will affect all the customers. Similarly, a load drawing
harmonic current will also distort all the bus voltages. Further an arc furnace
will cause the bus voltage to flicker thereby affecting all other loads
connected to that bus. Therefore the question that needs to be asked is “Who
has the responsibility to safeguard the quality of power being supplied?”

For example, let us assume that a load (or a group of loads) connected to
Bus-3 is drawing unbalanced, harmonic current. In addition, the load power
factor is poor. This will obviously lead to unbalance and distortion in other
system quantities which will be undesirable to other customers. Also poor
power factor will cause large resistive losses and voltage drop in the feeders
that might be undesirable to the utility. The utility can then ask the customer
of the polluting load to install corrective measures. It is well known that
shunt capacitor is a good solution for correcting poor power factors.
Similarly tuned filters are also used with power electronic loads to bypass
harmonic currents. The problem of load balancing is also not new, as it dates
back to Charles Steinmetz [2]. However, as we shall discuss later in this
chapter, all these functions can be performed by a single shunt connected
device that operates in the current control mode. It will be the responsibility
of the customer of the polluting load to install the shunt connected device at
his own premises such that he draws a pure sinusoidal current from the bus.
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Figure 4.1. Single line diagram of a radial distribution system

Now suppose the customer of the polluting load refuses to install a shunt
device. The utility can then impose a financial penalty on the customer.
Since the shunt device will require heavy initial installation expenditure in
addition to the day-to-day running expenditure, the customer may find it less
expensive to pay the penalty. Then the distortion and unbalance in bus
voltages will persist. Let us now assume that Bus-3 supplies an industrial
area containing fairly large loads. Then their refusal to install a shunt device
may create severe problem to customers at other buses. One option for the
utility is to connect a shunt device at the bus itself such that the current at the
left of this bus is sinusoidal and charge all the customers of Bus-3 for the
installation and running cost.

Now due to the presence of large polluting loads at Bus-3, the customers
of Bus-2 suffer the most. Since Bus-1 is situated near the source and may be
separated from the source only by a small source impedance, the impact of
the unbalance and distortion on its voltage will be minimal. This will not be
true for the voltage of Bus-2. It will then be the responsibility of the utility to
correct the bus voltage to within a specified limit. This can be done by
installing a shunt device that operates in the voltage control mode. Suppose
Bus-2 contains some sensitive loads that require nearly sinusoidal voltage,
then a further level of compensation to meet the customer needs may be
undertaken on negotiation between the sensitive customer and the utility.

As mentioned in Chapter 3, arc furnace can cause voltage flicker in the
bus voltage. Suppose one of the loads in any of the buses is an arc furnace.
Then it will cause the voltage of that bus to flicker. This problem can also be
alleviated by installing a shunt device that operates in the voltage control
mode. In fact as the custom power technology matures, it might be
mandatory to install a shunt device with every arc furnace unless it is on a
dedicated feeder.
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Now consider a new situation and suppose Bus-3 is remotely located, i.e.,
the distance between Buses 2 and 3 is substantial. In addition, assume that
Bus-3 has a process load that cannot tolerate voltage sag/swell or
interruptions. In that event the utility can install a series device to protect the
process industry from short duration voltage variations such that the rms
value of the Bus-3 voltage is maintained constant. The series device can
tightly regulate the Bus-3 voltage and can act as an active filter to prevent
the harmonic component of the line current from distorting the Bus-3
voltage.

A unified power quality conditioner (UPQC) is a combination of a shunt
and series device and can combine the functions of these two devices
together. For example installation of this device at Bus-3 ensures that Bus-3
voltage is regulated and maintained sinusoidal while at the same time the
total current drawn by the loads and compensator at Bus-3 is also maintained
sinusoidal and at unity power factor. This can be achieved irrespective of
unbalance or harmonics in the supply side or in the load side. It is however
an expensive device and its use may be limited to particularly sensitive
situations with a high value on power quality.

In addition to the shunt and series devices and their combination, there
are solid state current limiting, breaking and transferring devices that use the
advancements in the power semiconductor technology to provide very fast
service. These devices are much faster than their mechanical counterparts.
The custom power park concept envisages the use of these devices to
provide near interruption-free power to the valued customers. Usually these
devices are installed, maintained and operated in a coordinated fashion by
the power distribution companies.

4.2 Introduction to Custom Power Devices

The power electronic controllers that are used in the custom power
solution can be network reconfiguring type or compensating type. The
network reconfiguration devices are usually called switchgear and they
include current limiting, current breaking and current transferring devices.
The solid state or static versions of the devices are called

— Solid state current limiter (SSCL)
— Solid state breaker (SSB)
— Solid state transfer switch (SSTS)

The compensating devices either compensate a load, i.e., correct its
power factor, unbalance etc. or improve the quality of the supplied voltage.
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These devices are either connected in shunt or in series or a combination of
both. The devices include

— Distribution STATCOM (DSTATCOM)
— Dynamic voltage restorer (DVR)
— Unified power quality conditioner (UPQC)

In this section we shall introduce these devices and will discuss only their
idealized behavior.

4.2.1 Network Reconfiguring Devices

The schematic diagram of a solid state current limiter is shown in Figure
4.2. It consists of a pair of opposite poled switches in parallel with the
current limiting inductor L,. In addition, a series RC combination with a
resistance of Rs and a capacitance of Cs is connected in parallel with the
opposite poled switch. This RC combination constitutes the unpolarized
snubber network [3]. The current limiter is connected in series with a feeder
such that it can restrict the current in case of a fault downstream. In the
healthy state the opposite poled switch remains closed. These switches are
opened when a fault is detected such that the fault current now flows through
the current limiting inductor. Let us illustrate its operating principle with the
help of the following example.
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Figure 4.2, Schematic diagram of a solid state current limiter

Example 4.1: Let us consider the circuit of Figure 4.2 in which the
source voltage is assumed to have a peak of 1.0 per unit and has a frequency
of 50 Hz. The feeder has an impedance of 0.05 + j0.2 per unit, while the load
impedance is given by 2.0 +j1.5 per unit. The SSCL parameters are
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1 :
X, =wL, =0.5perunit, R; = 0.1 per unitand X = C =1.0 per unit
@

S

where @ is the system frequency in radians. It is assumed that the system is
operating in the steady healthy state when a fault occurs at the load bus.

In the absence of the current limiter, the fault current will have a steady
state value of 5.0 per unit but it can shoot up to about 20-25 per unit
depending on the instant of the occurrence of the fault. To limit the fault
current, the opposite poled switch opens once the occurrence of the fault is
detected. In this case we have assumed that the fault is detected the moment
it has occurred. This however is not a valid assumption and more realistic
results will be discussed in Chapter 6.

The system response is shown in Figure 4.3, which depicts the fault
current through feeder I, the voltage across the switch vgy and the current
through the limiting inductor I,, (see Figure 4.2). It can be seen that before
the occurrence of the fault, both vy and I,, are zero. Once the fault occurs
and the opposite poled switch opens, the capacitor Cs starts charging and the
current through the limiting inductor rises linearly. The feeder current during
this period rises sharply. However, the initial transient dies out quickly and
the fault current is limited by the series combination of the SSCL and the
feeder impedances. This condition persists if the fault is not cleared.
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Figure 4.3 System behavior with SSCL during fault

Note that since the value of the snubber resistance Rg is negligible
compared to the snubber reactance X the effective impedance of the SSCL
during the faulted state will be the parallel combination of X and X,,. For the
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parameters chosen this will be inductive and will have a numerical value of
1.0 per unit. Therefore the total reactance in the circuit during the fault will
be the sum of the feeder reactance and the effective SSCL reactance and this
has a numerical value of 1.2 per unit. Therefore the peak of the feeder
current assuming that the fault is not cleared is roughly 0.833 per unit as is
evident from Figure 4.3.

Let us now investigate what happens when the snubber circuit is not
present. As soon as the fault occurs, the inductance L, is placed in series
with the feeder inductance. However the current through the feeder has an
initial value at that point while the initial value of the current through L, is
zero. But the same current must now flow through both these inductances. It
is well known that the current through an inductance cannot change
instantaneously. Therefore to bring the current through L,, to the same level
as the current through the feeder, a large voltage equal to L,(di./dt) will be
applied across the inductor. This is the same voltage vsy that is applied
across the opposite poled switch. This voltage is shown in Figure 4.4. It can
be seen that the voltage has a spike with a maximum of about 27.0 per unit.
It is needless to say that this will damage the semiconductor switch.
Therefore the snubber circuit is essential for this configuration.
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Figure 4.4. Voltage across the SSCL in the absence of the snubber

Note that the bidirectional switch of Figure 4.2 is usually made of GTOs
(or may even be IGBTSs) which have a fast current interrupting capability. A
solid state circuit breaker (SSCB) has almost the same topology as that of an
SSCL except that the limiting inductor is connected in series with an
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opposite poled thyristor pair. The thyristor pair is switched on
simultaneously as the bidirectional switch is switched off once a fault is
detected. This will force the fault current to flow through the limiting
inductor in the same manner as discussed above. The thyristor pair is
blocked after a few cycles if the fault still persists. The current through the
thyristor pair will cease to flow at the next available zero crossing of the
current. There still might be a small amount of current flow to the fault
through the snubber circuit. However the magnitude of this current is small
and this can be easily interrupted by a mechanical switch that is always
placed in series with the SSCB. One example of the application of this
structure is the earth current limiter where a SSCL is included in the neutral
leg of transformers. Since 70% of faults are single line to ground faults this
limiter will influence most faults and can often extinguish the arc of the
faulted phase without actually breaking the curcuit. These circuits can often
be implemented using SCR without the need of the more expensive current
beak elements such as GTO.

The schematic diagram of a solid state transfer switch (SSTS) is shown in
Figure 4.5. This device, which is also known as a static transfer switch
(STS), is used to transfer power from the preferred feeder to the alternate
feeder in case of voltage sag/swell or fault in the preferred feeder. The
transfer switch would be used to protect sensitive loads. An SSTS contains
two pairs of opposite poled switch. In this case the switch is made of
thyristors. These switches are denoted by Sw;, and Sw, in Figure 4.5.
Suppose the preferred feeder supplies the power to the load. This is done
through the switch Sw, while the switch Sw, remains open.

Preferred Alternate
Feeder Feeder

Sensitive
Load

Figure 4.5. Schematic diagram of a static transfer switch

If a sudden voltage sag occurs in the preferred feeder, the SSTS then
closes the switch Sw, such that current starts flowing through the alternate



4. Custom Power Devices: An Introduction 121

feeder to the load. The switch Sw,; is then switched off. This switching
scheme is known as make before break (MBB) switching in which the
switch Sw is disconnected only after the switch Sw; is connected. Note that
if the local bus voltages appearing in both the preferred feeder side and the
alternate feeder side have the same magnitude and phase there will be no
transient in the load when the switch is operated in MBB. However this
condition cannot be usually satisfied and in those cases a transient in the load
current is unavoidable. Also note that it is not always possible to operate the
device in MBB fashion when there is a fault in the preferred feeder.
Depending on the direction of the current it may have to be operated in break
before make (BBM) fashion otherwise the alternate feeder may start feeding
the fault.

4.2.2 Load Compensation using DSTATCOM

The schematic diagram of a distribution system compensated by an ideal
shunt compensator (DSTATCOM) is shown in Figure 4.6. In this it is
assumed that the DSTATCOM is operating in current control mode.
Therefore its ideal behavior is represented by the current source I It is
assumed that Load-2 is reactive, nonlinear and unbalanced. In the absence of
the compensator, the current /, flowing through the feeder will also be
unbalanced and distorted and, as a consequence, so will be Bus-1 voltage.

O

» ¢ I Feeder
@'3"& i

Load-1

Ideal Load-2
Compensator

Figure 4.6. Schematic diagram of ideal load compensation

To alleviate this problem, the compensator must inject current such that
the current /, becomes fundamental and positive sequence. In addition, the
compensator can also force the current I, to be in phase with the Bus-2
voltage. This fashion of operating the DSTATCOM is also called load
compensation since in this connection the DSTATCOM is compensating the
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load current. From the utility point of view, it will look as if the
compensated load is drawing a unity power factor, fundamental and strictly
positive sequence current.

The point at which the compensator is connected is called the utility-
customer point of common coupling (PCC). Denoting the load current by I,
the KCL at the PCC yields

o+i =i, = i =i i, (4.1

The desired performance from the compensator is that it generates a current
I; such that it cancels the reactive component, harmonic component and
unbalance of the load current. Below we present two examples to illustrate
the operating principle of the device.

Example 4.2: Let us first demonstrate the working principle of the
DSTATCOM assuming that the source voltage is stiff. This implies that the
source is connected at the point of common coupling and the feeder, Load-1
and the coupling transformer of Figure 4.6 is missing. The source voltage is
assumed to be 50 Hz, balanced with the peak value of V2 per unit. It is
supplying a three phase unbalanced RL load that are given by

Z,=5+ jSperunit,Z, =5+ jlperunitand Z, =3+ j2 per unit

where the subscripts a, b and ¢ indicate the three phases. In addition to the
RL, a three-phase controlled rectifier is also connected to the load. The
rectifier draws a square wave current with a peak of 0.1 per unit and has a
delay angle of 30°. The load currents are shown in Figure 4.7 (a). The
distribution system is assumed to be a 3-phase, 4-wire system.

The ideal compensator now injects currents that cancel harmonics from
load current and also balances the load. Furthermore, it also forces the
current drawn from the source to be unity power factor. How the
compensator achieves this will be discussed in detail in Chapter 7. Once
these currents are injected, the source currents become balanced, harmonic
free and unity power factor as shown in Figure 4.7 (b). In this figure a scaled
version of the voltage of phase-a (denoted by v,,) is also plotted to illustrate
the source current of the corresponding phase is in phase with the voltage.
The compensator currents are shown in Figure 4.7 (c), while the
instantaneous powers are shown in Figure 4.7 (d). It can be seen that while
the power supplied by the source (p,) is constant, the power injected by the
compensator has a zero mean. This implies that the compensator neither
requires a real power from the source nor does it supply a real power to the
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load. The oscillating part of the load power is supplied by the compensator
and the average part is supplied by the source such that the load power (p;) is
the sum of powers p, and p,.
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Figure 4.7. Load compensation with a stiff source

The structure of load compensation when the source is weak is shown in
Figure 4.8. In addition to the ideal current source, this structure contains a
capacitor. The reason for using this capacitor will be discussed in Chapter 8.
It will be sufficient to mention at this point that it is used for filtering
purposes. This provides a low impedance path to harmonics introduced by
the compensator. Let us denote the voltage of PCC, which is the same as
Bus-2 voltage, as v,. The voltage across the capacitor is the same as the
voltage at PCC or terminal voltage v,. The current injected by the
DSTATCOM is then given by (see Figure 4.8)

i =i, i, (4.2)
Since 1. = C(dv,/d), the current injected by the source I, is known once I is
known.

To explain how the compensator works, let us assume that the load
current vector is given by

I =1, + I, +1, 4.3)
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Figure 4.8. Compensator structure for non-stiff supply system

where the subscripts p, g and 4 denote the real, reactive and harmonic
components respectively. Out of these three components, only the real
component will be supplied from the source for unity power factor
operation. The compensator must then inject the remaining part to the ac
system. We than have

= 1’,” (4.4)
I/ :jl,q +1,

Since the current through the filter capacitor is given by I = jow CV,, the
current injected by the compensator is then given from (4.2) as

1, =j1,q +1, + joCV, 4.5)

Note that this current has reactive and harmonic components only.

Example 4.3: Consider the distribution system shown in Figure 4.6 in
which the source is taken to be the same as given in Example 4.2. It is
assumed that it supplies two three-phase RL loads of which the load at Bus-1
is a balanced load of 0.5 + 0.2 per unit per phase. Of and the load at Bus-2
is unbalanced. The balanced load at Bus-1 is, while the unbalanced load at
Bus-2 is given by

Z,=15+ j0.5perunit,Z, =0.5+ jl perunitand Z. =3 + j2 per unit
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A 3-phase, 4-wire distribution system is assumed. The transformer of Figure
4.6 is neglected. The source reactance is assumed to be 0.1 per unit and the
feeder impedance is 0.05 + 0.2 per unit.

Let us first assume that the compensator is not connected to the system at
the beginning, however the filter capacitor is. The steady state system
response is then shown in Figure 4.9. It can be seen that all the system
quantities are unbalanced. Also the load power oscillates with a frequency of
100 Hz and has a mean value of 0.9345.

Once the compensator is connected, the steady state system response is
shown in Figure 4.10. It can be seen that the terminal voltage and currents
are now balanced sinusoids and the terminal power is constant with a value
of 1.0639 per unit. This is also the mean load power. There has been about
10% increase in the mean power because the terminal voltages are now
balanced. Also since the power entering the terminal is the mean of the load
power, the compensator only supplies the zero mean oscillating power
required by the load.
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Figure 4.9. System response without compensator

The above two examples demonstrate the working principle of the shunt
compensator. We must however note a few points.

— The compensators in these examples are realized by ideal current
sources. In a practical circuit these are realized by an inverter, the output
of the inverter being connected to the PCC by a transformer or an
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interface inductor. The inverter then tracks the reference current required
to achieve load compensation.

— An important aspect of the shunt load compensation is the generation of
reference currents that achieve the desired performance. This will be
discussed in Chapter 7.

— In a 3-phase, 4-wire distribution system, the compensator neutral is
connected to the load neutral. This will force the zero-sequence current to
circulate in the path such that the current drawn by the combined
compensator-load combination becomes balanced.
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Figure 4.10. Steady state compensated waveforms in weak ac system

4.2.3 Voltage Regulation using DSTATCOM

The schematic diagram of an ideal shunt compensator acting as a voltage
regulator is shown in Figure 4.11 (a). In this the ideal compensator is
represented by a voltage source and it is connected to the PCC. However it is
rather difficult to realize this circuit and the alternate structure is shown in
Figure 4.11 (b). It can be seen that this is the same structure as used for load
compensation in Figure 4.8. It has the advantage that the harmonics can be
bypassed by the filter capacitor C.

The basic idea here is to inject the current i, in such a way that the
voltage v, follows a specified reference. The compensator must be operated
such that it does not inject or absorb any real power in the steady state.
Therefore the relations given in (4.4) and (4.5) are also valid in this case.
The magnitude of the voltage v, can be arbitrarily chosen. However its phase
angle must be chosen such that the relation /; = [, is satisfied.
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Figure 4.11. () Ideal voltage controller and (b) its practical realization

Example 4.4: Let us consider a system in which both the source voltages
and load currents are unbalanced and distorted. Consider .the distribution
system shown in Figure 4.1. Assume that the loads at both Buses 1 and 3 are
unbalanced and distorted. Then the Thevenin equivalent of the source side
can be represented by an impedance that is connected to an unbalanced and
distorted source. Similarly the Thevenin equivalent of the right side of the
bus can be represented by an unbalanced and distorted load. The system
parameters are not important for this discussion.

The source voltages are shown in Figure 4.12 (a). It can be seen that they
are both unbalanced and distorted. The compensator is pressed into service
at the end of the 1* cycle (at 0.02 s). The load currents, terminal voltages and
the source currents prior to that instant are distorted both due to the load and
source. Once the compensator is connected, the terminal voltages become
balanced with two cycles. However the load currents are still unbalanced and
distorted since the load is unbalanced and distorted. Similarly since the
source is unbalanced and distorted, the currents entering the terminal (PCC)
are still unbalanced and distorted. However, these distortions have now
reduced significantly.
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4.2.4 Protecting Sensitive Loads using DVR

A dynamic voltage restorer (DVR) is used to protect sensitive loads from
sag/swell or disturbances in the supply voltage. The implication of such a
disturbance to food processing industry has been discussed in Section 2.2.6.,
The world’s first DVR was installed in August 1996 at a 12.47 kV substation
in Anderson, South Carolina. This was installed to provide protection to an
automated rug manufacturing plant. Prior to this connection, the DVR was



128 Chapter 4

first installed at the Waltz Mill test facility near Pittsburgh for full power
tests. The test results are discussed in [4]. The next commissioning of a DVR
was in February 1997 at a 22 kV distribution system at Stanhope, Victoria,
Australia. This was done to protect the diary milk processing plant
mentioned in Section 2.2.6. The saving that may result from the installation
of this DVR is estimated to be over $100,000 per year [5]. In the next phase
of development, DVRs that can be mounted on an overhead platform
supported by two poles were fabricated. The first platform mounted DVR is
installed to protect Northern Lights Community College and several other
smaller loads in Dawson Creek, British Columbia, Canada [6].
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Figure 4.12. System quantities with DSTATCOM in voltage control mode

The schematic diagram of a sensitive load protected by an ideal series
compensator (DVR) is shown in Figure 4.13. In this the DVR is represented
by an ideal voltage source that injects a voltage v, in the direction shown.
There are two different ways of constructing this device. The DVR can be
constructed such that it is either capable or not capable of supplying or
absorbing real power. The DVR voltage control is simple if it is capable of
supplying or absorbing real power. Note from Figure 4.13 that

v =y, 4y, (4.6)

where v, is the load bus voltage. The DVR then can regulate the bus voltage
to any arbitrary value by measuring the terminal voltage v, and supplying the
balance through v,
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Figure 4.13. Schematic diagram of a sensitive load protected by a DVR

The solution to this problem however is not as straightforward when the
DVR is not capable of supplying or absorbing any real power in the steady
state. It may instaed have to supply or absorb real power during transients.
Note from Figure 4.13 that the current through the line I, is the same as the
current through the load /,. Also the phase angle difference between the load
current /; and the load voltage v, is dictated by the power factor of the load.
Also for no real power injection or absorption, the positive sequence
fundamental frequency component of the voltage v, must be in quadrature
with the positive sequence fundamental frequency component with the load
current /;. The following example illustrates the DVR operation.

Example 4.5. Let us assume that an unbalanced and distorted source
supplies the distribution system of Figure 4.13. The source voltages are
shown in Figure 4.14 (a). The system frequency is 50 Hz. The feeder
impedance is 0.05 + ;0.3 per unit. The load is assumed to be balanced RL
with per phase impedance of 2 + j1.5 per unit. The compensator is connected
to the system at the end of the 1* cycle (0.02 s). It can be seen from Figure
4.14 that prior to this instant, the load voltages and currents are unbalanced
and distorted and the power through the compensator is zero.

The compensator is represented by an ideal voltage source that is capable
of generating fundamental as well as harmonic voltages. The compensator
voltages are then obtained as per the following steps: '

1. First extract the fundamental positive sequence of the voltages v, and v,
and the current J;. Then compute the power factor angle.

2. Generate the fundamental positive sequence component of the voltage v,
that is in quadrature with the line current from the measurements of step
1 such that the load terminal voltage is regulated to the desired value.
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3. Since the load terminal voltage must be balanced sinusoidal, subtract the
harmonic and unbalanced component of the terminal voltage from the
fundamental positive sequence of the voltage v, obtained from step 2 such
that the injected voltage cancels out these components as per (4.6).

The system results are shown in Figure 4.14. It can be seen that both the
load terminal voltage and, as a consequence, the load currents become
balanced sinusoids within one cycle of the connection of the compensator at
0.02 s. The power through the compensator is oscillating with a mean of
zero. Therefore the compensator neither absorbs nor injects any real power.
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Figure 4.14. System quantities with an ideal series compensator
4.2.5 Unified Power Quality Conditioner (UPQC)

The schematic diagram of a unified power quality conditioner (UPQC)
compensated distribution system is shown in Figure 4.15 (a). This is useful
when both source and load are unbalanced and distorted. For example
assume that the source voltage v, is both unbalanced and distorted. Also the
load current i; is also unbalanced and distorted. As a consequence the
terminal voltage v, the load voltage v, and the source current i, will also be
unbalanced and distorted. Now suppose there are other customers connected
to the load bus that draw purely balanced sinusoidal currents. Then both the
source and load unbalance and distortion affect them. Again if there is a load
bus upstream from the point of common coupling, the customers on that bus
will equally get affected. A UPQC can alleviate this problem.
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Figure 4.15. (a) Schematic diagram of a UPQC compensated system, (b) & (c) two alternate
connections

A UPQC combines a series and a shunt compensator together. It can
therefore yield the benefits of both these devices. For example it can tightly
regulate the load bus voltage v; shown in Figure 4.15 (a). Therefore all loads
including the unbalanced and nonlinear load will have a supply voltage that
is balanced and sinusoidal. The UPQC can also make the current drawn from
the supply (i) balanced, sinusoidal and in phase with the terminal voltage
(v/). Therefore the voltage of any bus upstream from the PCC will not be
affected due to a nonlinear and unbalanced load. However it will be
impossible to correct the unbalance and distortion produced by the source
voltage using this device. Therefore the upstream bus voltages will remain
unbalanced and distorted.

There are two different ways of connecting a UPQC. These are shown in
Figure 4.15 (b) and (c). In the connection of Figure 4.15 (b) the series device
is placed before the shunt device while it is placed after the shunt device in
Figure 4.15 (c). The operating principles of these two connections will be
discussed in Chapter 10. The dotted line in these figures indicates any energy
exchange path between the devices. Usually the inverter realizing the series
device is supplied by a dc capacitor. Similarly the shunt inverter is also
supplied by a dc capacitor. In a UPQC both these inverters are supplied by a
common dc capacitor in the same way as a unified power flow controller
used in bulk power transmission [7]. The energy exchange between the
series and the shunt device takes place through this common dc capacitor.

4.3 Custom Power Park

In a custom power park all customers of the park should benefit from
high quality power supply. Even the basic form of this supply is superior to
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the normal power supply from a utility. Electrical power to the park is
supplied through two feeders from two independent substations as shown in
Figure 4.16. Both these feeders are joined together via a solid state transfer
switch. This can make a subcycle transfer from the preferred to the alternate
feeder such that the duration of any voltage dip can be reduced to 4-8 ms.
The custom power control center is fully equipped with a DSTATCOM and
a DVR. The DSTATCOM eliminates harmonics and/or unbalance, while the
DVR eliminates any voltage sag or distortion.

Figure 4.16. A custom power park

The incoming feeders to the park can be designed with improved
grounding, insulation, arresters and reclosing. The SSTSs ensure that the
feeder with higher voltage is selected in less than half a cycle in case of a
voltage dip. Using similar switching principle, these SSTSs can also be used
to protect the loads of the park from dynamic overvoltages as well. The
DSTATCOM, when operated in the voltage control mode, can provide
reactive power support to the park thereby maintaining the bus voltage.
Under the configuration shown in Figure 4.16, there are three different
grades of power that can be supplied to the park’s customers. These are [8]
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— Grade A: This is the basic quality power. Since the transfer switches
protect the incoming feeders, the quality of the power is usually superior
to normal utility supply. In addition, this grade has the benefit of low
harmonic power due to the DSTATCOM.

— Grade AA: This includes all the features of Grade A. In addition, it
receives the benefit of a standby generator. The generator can be brought
into service in about 10-20 seconds in case of a serious emergency such
as power failure in both feeders.

— Grade AAA: This includes all the features of Grade AA. In addition, it
has the benefit of receiving distortion or dip free voltage due to the DVR.

Under normal operating conditions, the standby generator stays off and is
disconnected from the bus and customers of both Grade A and Grade AA
receive the same service. The difference in their power quality becomes
apparent when power to both feeders is lost simultaneously due to a fault in
the power system. When both feeders are lost, the loads belonging to
customers of both these grades are removed through circuit breakers.
However, once the standby generator is switched on, the power to AA grade
customers is restored by closing of the circuit breakers connected to the AA
grade customers. This means that customers of AA grade do not lose power
for more than 10-20 seconds under any situation. The customers of A grade
however do not receive power until one of the feeders is back in service. The
Grade AAA customers are not affected by the loss of both feeders as their
voltage is maintained by the DVR till the standby generator comes into
service. Since the standby generator has to be started instantaneously,
brought to speed and synchronized within less than 20 seconds, it must be
driven by a diesel or a gas turbine.

It is to be noted that the DVR must provide voltage support for the AAA
grade supply in case of both feeder failures till the standby generator is
synchronized with the bus. This implies that it may have to provide this
support for about 20 seconds. It is therefore important to ascertain whether a
DVR that is supplied by an ac storage capacitor is capable of holding the
voltage for such a long time or not. Alternatively, the DSTATCOM and the
DVR in the custom power control center can be replaced by a single UPQC
that will be able to perform both the functions of harmonic neutralization
and voltage balancing simultaneously.

Through the custom power park it is possible to supply power to different
types of sensitive loads ranging from shopping malls and hospitals to
semiconductor manufacturing. For example, a semiconductor manufacturing
plant needs Grade AAA supply since a sudden voltage dip can cause the loss
of a few hours of production. With modern and life support equipment, a
hospital on the other hand, requires both AA and AAA grade supplies. The
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AAA grade connection can be supplied to the operating theaters and life
support systems, while the AA grade connection can be given to the rest of
the building along with pathology and other testing facilities. Most shops in
a shopping center (mall) or offices in an office building require grade A
power. The grade of the quality of power a customer in the park receives
depends on the nature of its load and the price he is ready to pay.

4.4 Status of Application of CP Devices

It was mentioned in the beginning of this chapter that the installations of
the custom power (CP) devices are not very well documented. It is thus
rather difficult to get the current installation status. The status given below is
reported in [9] and by no means presents the complete picture.

— American Electric Power (AEP) has installed an indoor 15 kV, 600 A
static transfer switch at an industrial park in Columbus, Ohio.

— Baltimore Gas and Electric (BGE) installed an indoor 15 kV, 600 A static
transfer switch at an office building in downtown Baltimore in September
1995.

— In September 1996, BGE has also placed an outdoor 15 kV, 600 A static
transfer switch in service at a chemical manufacturing plant in the
Baltimore metropolitan area.

— In 1991, Chubu Electric Corporation of Japan installed three 7.2 kV,
300 A static transfer switches in a loop line configuration.

— Commonwealth Edison Company installed a 12.47 kV, 600 A static
transfer switch on August 14, 1996 at a plastic film manufacturing plant.
Between January 1 and October 15, 1997, there were 50 events with 40
successful transfers with no loss of production. Of the remaining 10
events that resulted in production interruptions, 5 events were due to
voltage sags on both feeders.

— InNovember 10, 1996 Detroit Edison Company installed a static transfer
switch at the Ford Motor Company Sheldon Road Plant, which provides
components to all Ford’s North American assembly plants. Its installation
has saved a whole lot of expensive shutdown time.

— PG&E Energy Services installed two static transfer switches, both rated
at 25kV, 300A, in September 1996.

~ In October 1996 Texas Utilities placed in service an outdoor 15 kV,
600 A static transfer switch at an electric operations building in Fort
Worth, Texas.

— The Tokyo Oil Industry Company of Japan installed a static transfer
switch in 1997 for a generating unit transfer application.
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Duke Power’s installation in August 1996 has been reported in Chapter 9.
The unit is rated at 2 MVA, can store 660 kJ, and operates at 12.47 kV.
Normal load current is approximately 120 A. Its test results are given in
[4].

The DVR installed at Bonlac Foods Processing plant by Powercor
Australia Ltd. Is rated at 2 MV A, can store 660 kJ, and operates at 22 kV.
In April 1997 a DVR was installed at the Sappi Limited, Stanger Mill in
South Africa that provides pulp to Sappi’s paper making process. The
DVR is supplied by a superconducting magnetic energy storage (SMES).
The power to the mill is supplied by ESKOM. This DVR is rated at
750kVA and provides 2.4MJ of energy storage.

Florida Power Corporation’s 2 MVA inverter-based DVR provides
protection to one of six 12.47 kV feeders at the Econ Substation
(230/12.5 kV) of Orlando, Florida. This is placed in service in 1996 in a
high density residential and commercial area.

Two DVRs, each rated at 6 MV A, 12.47 kV with1800 kJ energy storage,
have been installed in July 1998 at a critical industrial site on the Salt
River Project system at Phoenix metropolitan area in Arizona. Each of
these two DVRs can boost a 20 MVA load as much as 30% and has a
maximum capacity of 1200 A.

In April 1998 a 4 MV A series compensator is installed by ScottishPower
at the Caledonian Paper Mill at Irvine, Scotland.

The installation of a platform mounted DVR by B.C. Hydro in Dawson
Creek has been mentioned earlier in this chapter.

Since February 1998 American Electric Power has been operating a
DSTATCOM at a rock crushing facility. The rating of the device is
+2 MVA at 12.47 kV and it utilizes two 1 MVATr capacitor banks that
allow operation with output from 0 to 4 MV Ar capacitive.

British Columbia Hydro has demonstrated the operation of a trailer
mounted DSTATCOM at the Adams Lake Lumber Company in Chase,
British Columbia, Canada where it provided voltage regulation and
voltage flicker mitigation caused by a large whole log chipping
operation. This + 2 MVA inverter-based trailer unit is now being readied
by BC Hydro for relocation to another site.

In 1993 an SVC of 60 MVAr capacity was installed at 77 kV line as a
countermeasure against voltage fluctuations and unbalanced load due to
an electric railroad by Central Japan Railway Company. Motivated by its
success, the Central Japan Railway Company installed three more SVCs
that are rated 60 MVAr at 154 kV, 34 MVAr at 77 kV and 48 MVAr at
154 kV.

In December 1989 a DSTATCOM of 3.5 MVAr capacity using a bipolar
transistor inverter for arc furnace flicker compensation was installed on
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the Mitsubishi Steel Company’s 33 kV feeder. In addition, Mitsubishi
Steel Company is operating an SVC since 1984. The addition of the
DSTATCOM enabled an increase in steel productivity of the arc furnace
without any increase in the previous flicker level.

—~ A 1.2 MVA static series compensation device has been in service on the
Public Service Electric and Gas system in New Jersey since September
1994.

— A static var compensator using an 8 MVAr GTO inverter for arc furnace
flicker compensation was installed on the Sumitomo Steel Company’s
22 kV feeder in July 1995.

4.5 Conclusions

In this chapter we have discussed the use of custom power devices for
improving the distribution system quality. In this chapter we have only
discussed the advantages of using these devices. However, as we have
mentioned earlier, there are many important issues that need to be
considered for obtaining an overall global picture. The most important issue
is whether the installation of any of these devices adversely affects a
customer in the vicinity that is not supported by such a device.

4.6 References

[1] N. G. Hingorani, "Introducing custom power," [EEE Spectrum, Vol. 32, No. 6,
pp. 41-48, June 1995.

[2] T.J. E. Miller, ed., Reactive Power Control in Electric Systems, John Wiley, New
York, 1982.

[3] M. H. Rashid, Power Electronics: Circuits, Devices and Applications; Prentice-Hall,
Englewood Cliffs, 1993.

[4] N. H. Woodley, L. Morgan and A. Sundaram, “Experience with an inverter-based
dynamic voltage restorer,” IEEE Trans. Power Delivery, Vol. 14, No. 3, pp.1 181-1185,
1999.

(5] N. H. Woodley, A. Sundaram, B. Coulter and D. Morris, “Dynamic voltage restorer
demonstration project experience,” 2% Conf. Electric Power Supply Industry (CEPSI),
Pattaya, Thailand, 1998.

[6] N.H. Woodley, K. S. Berton, C. W. Edwards, B. Coulter, B. Ward, T. Einarson and A.
Sundaram, "Platform-mounted DVR demonstrated project experience,” 5t
International Transmission & Distribution Conf, Distribution, Brisbane, 2000.

[71 L. Gyugyi, “A unified power flow control concept for flexible ac transmission
systems,” Proc. IEE, Pt. C, Vol. 139, No. 4, pp. 323-331, 1992.

[8] N. G. Hingorani, "Custom Power and Custom Power Park,” Flexible Power HVDC
Transmission and Custom Power, CIGRE Australian Panel 14, Sydney, 1999.

[91 IEEE P1409 Distribution Custom Power Task Force 2, Custom Power Technology
Development, 1999.



Chapter 5

Structure and Control of Power Converters

Apart from the breaking and transferring devices, all other power quality
(PQ) enhancement devices like DSTATCOM, DVR, UPQC etc. are based on
power converters. Furthermore modern FACTS devices like STATCOM,
SSSC, UPFC etc. also employ power converters. However, FACTS devices
have much higher power rating than PQ enhancement devices since they are
used in bulk power transmission systems. Moreover, their operation
philosophy is also different as they are assumed to work under balanced
sinusoidal conditions. As a consequence, the control strategies of FACTS
devices are different from the PQ enhancement or Custom Power devices.
Since power converters have an important role to play in modern power
systems, we discuss their topologies and control strategies in this chapter.
For the background materials in the area of Power Electronics, there are
numerous excellent textbooks, e.g., [1-3].

AC power converters are of two types — current source converter (CSC)
and voltage source converter (VSC). The schematic diagrams of these
converters are shown in Figure 5.1. A converter has a dc side, a power
circuit made of power semiconductor switches and an ac side. The power
circuit for both CSC and VSC is the same. The ac side of both converters is
connected to loads or is interfaced to ac systems. It is the dc side that
differentiates these two converters. The dc input to a CSC (also known as
current source inverter or CSI) is a dc current source. This current source is
usually realized by a controlled dc source that is connected to a large
inductor in series. The dc input to a VSC (also known as voltage source
inverter or VSI) is a dc voltage source that is usually realized by rectifying
an ac voltage through a diode bridge rectifier. An LC filter with a small
series inductor and a relatively large shunt capacitor is connected to the
output of the rectifier bridge.
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Figure 5.1. Schematic diagram of a (a) CSC and (b) VSC

A CSC is usually more reliable and fault tolerant than a VSC because the
large series inductor limits the rate of rise of current in the event of a fault.
However, CSCs have higher losses because of the need to store energy by
circulating current in inductors which are more lossy than capacitive energy
storage. In addition these inductors can limit the rate of response of the
system. The thyristor based versions are mostly used for high power electric
motor drives. In power line conditioning devices, the dc sources are not
desired and pure energy storing devices are used — an inductor in a CSC and
a capacitor in a VSC. Since capacitors are more efficient, smaller and less
expensive than inductors, VSCs are most commonly used in Custom Power
devices. Henceforth we shall restrict our discussions to VSCs only.

5.1 Inverter Topology

In this section we shall discuss simple single-phase and three-phase
inverter topologies. We shall also present their dynamic models and illustrate
the functioning of these inverters with the help of some simulation results.
For the time being, we shall assume that the inverters are operated in the
current control mode in which they track given reference currents. The
inverter control will be discussed in detail later in the chapter.

S.1.1 Single-Phase H-Bridge Inverter

The schematic diagram of a single-phase H-bridge inverter is shown in
Figure 5.2. It is called an H-bridge as it looks like the eighth letter of the
English alphabet. The inverter contains four switches S,—S,, each comprising
a power semiconductor device and an anti-parallel diode as also indicated in
the figure. The power semiconductor device can be a power MOSFET for



3. Structure and Control of Power Converters 139

low power application or a gate turn-off (GTO) thyristor for high power
application. However, for distribution system applications, the preferred
device usually is the insulated gate bipolar transistor (IGBT) as it can carry
fairly large current and has fast switching characteristics and low losses.

S] \A S3 R L

N

Figure 5.2. Schematic diagram of an H-bridge inverter

The load, which in this case is assumed to be a passive RL load, is
connected between the two legs of the inverter. The inverter is supplied by a
dc source with a voltage of V,. The switches of each leg usually have
complementary values, e.g., when ) is on, S, is off and vice versa. Further
the switches are operated in pairs. When the switches S and S, are on, S5 and
Sy are off. Similarly, when S; and S, are on, S, and S, are off. However, a
small time delay is provided between the turning off a pair of switches and
turning on the other pair. This period, called the blanking period, is provided
to prevent the dc source from being short-circuited. Consider for example
the transition when S; and S, are turned off and S| and S, are turned on.
During this period if the switch S gets turned on before the switch Sy turns
off completely, then it will connect the two leads of the dc source directly. It
is therefore mandatory that switch S, turns off completely before the switch
S 1s turned on. To ensure this, the blanking period (deadtime) is used. The
continuity of the current during the blanking period is maintained by the
anti-parallel diodes. For deriving the system dynamic equations, we shall
neglect the blanking period. Then the equivalent circuit diagrams for the two
modes of operation are shown in Figure 5.3. The consequence of this
blanking period means that the switches do not change state exactly when
commanded, giving imperfections with the modulation of the inverters.

Let the current flowing through the load be denoted by i, (see Figure 5.2).
Then from the equivalent circuit shown, the expression for this current is
given by
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where the variable u is defined as

u:{ 1 when S, and S, areon (5.2)

1 when S, and S, are on
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Figure 5.3. Equivalent circuit of the H-bridge inverter (a) when S, and S, are on and (b) when
S; and S, are on

Example 5.1: In this example we shall demonstrate the operation of the

inverter in a hysteresis band current control mode through digital computer
simulation. The system parameters chosen for the study are

Ve =200Vand R=10Q

The load inductance will be chosen later. Let us assume that the inverter has
to track a reference current, the instantaneous value of which is given by

1.
I pes :IO{Sin ot + lsin Swt + —sin 7a)t} (5.3)
o 5 7

where w=10077.
The reference current is shown in Figure 5.4. Along with this current, we
have also shown the Aysteresis band which is the region between /. + h and
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I1ryy — h for any scalar h. The inverter is then switched (i.e., the variable u is
chosen) using the following logic

Reference Current (A)

0 0.01 0.02 003 0.04
Time (s)

Figure 5.4. Reference current and hysteresis band

Ifi, >i,, +hthenu=-1

B (5.4)
elseif i) <i,,, —hthenu=1

The rationale behind this logic is as follows: if the load current exceeds the
upper limit of the band i;,.; + h, then bring the current down by applying a
negative voltage across the load. This can be done by turning on the switches
Sy and S, (the equivalent circuit of which is shown in Figure 5.3 b).
Similarly, when the current falls below the lower limit of i, —A, it is then
raised by turning on the switches S, and S, (the equivalent circuit of which is
shown in Figure 5.3 a). Thus, theoretically speaking, if the load current
waveform is monitored properly and the inverter switches are made to
change their states the instant at which the current touches the limit, the load
current will remain within the band. This however may not be achievable
due to the finite time delays associated with the monitoring and gating
circuits and also due to the blanking period. Moreover the load current is
usually inductive and cannot change very rapidly. Therefore, it is likely that
the load current may slightly overshoot the band.

The simulation results are shown in Figures 5.5 and 5.6. Figure 5.5 shows
the load current while Figure 5.6 shows the tracking error. For the values of
Vi and R mentioned above, two different values of the inductor are chosen.
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Also different values of the scalar constant 4 is chosen. The results are

summarized in Table 5.1. From the results the following conclusions can be
made:

— The tracking becomes better as the hysteresis band becomes narrower.

~  As the band becomes narrower, the switching frequency becomes higher.
This is obvious as the current touches and overshoots a narrower band
more frequently resulting in the faster changing of switch states.
Unfortunately, high switching frequency results in increased losses
culminating in increased heating in the power semiconductor devices.
Thus the choice of hysteresis band is a compromise between tracking
error and inverter losses.

— For the same value of the hysteresis band, the switching frequency
decreases as the value of the inductor increases. This is obvious as the
rate of change in the inductor current (di;/dt) decreases with the increase
in the value of the inductor. It is needless to say that the tracking with
bigger sized inductor becomes inferior compared to a lower sized
inductor for the same value of 4. This is evident from Figure 5.6 (b-c).

— Even by decreasing the hysteresis band, the tracking performance may
not always be acceptable. This is evident from Figure 5.6 (d). The
tracking performance can be improved by increasing di/di. For a large
inductor this can be achieved by increasing the dc voltage.
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Figure 5.5. Load current for various load inductors and hysteresis bands
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Figure 5.6. Tracking error for various load inductors and hysteresis bands

Table 5.1. Summarized results of Figures 5.5 and 5.6

143

L(mH) H(A) Results shown Switching Comments
in Figures Frequency (Hz)

20 1.5 5.5(a), 5.6 (a) 1150 Larger tracking error, but
faster response

20 0.5 5.5(b), 5.6 (b) 3175 Smaller tracking error and
faster response

40 0.5 5.5(c), 5.6 (¢c) 1075 Larger tracking error and
slower response

40 0.1 5.5(d), 5.6 (d) 4275 Smaller tracking error, but

slower response

From the above example we can infer that the tracking performance is
inversely proportional to the load inductor and the size of the hysteresis band
and directly proportional to the magnitude of dc voltage. Furthermore, better
tracking can be achieved at the expense of higher inverter losses.

5.1.2 Three-Phase Inverter

The schematic diagram of a three-phase inverter is shown in Figure 5.7.
It contains six switches S; — S; each of which is made of a power
semiconductor device and an anti-parallel diode. The switches of each leg
are complementary. For example when S is on, S, is off and vice versa. The
inverter is supplied by two equal dc sources, the neutral point of which is
denoted by N. A three-phase load is connected at the output of the inverter.
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The load neutral is denoted by n. Note that whether the points N and 7 are
Joined depends on the system configuration required.

To demonstrate the derivation of the dynamic model of the system, we
have assumed the load to be RL in this case also. Using the same framework,
the system dynamics for other loads can also be derived. Because of the
presence of the anti-parallel diodes, we can express the potential across the
phase-a and the source neutral as

V.
+—%if S, ison
Vv =1 7 (5.5)
& if S, ison

Similar expressions can also be written for the other two phases.

—
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Figure 5.7. Schematic diagram of a three-phase inverter

Let us define the following switch states (or control variables)

a

_J+1when S, ison

" |-1when S, ison

u, = +1 when S, fs on (5.6)
~1 when S¢ ison

u,

_|+1whenS; ison
" |~1when S, ison
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We also assume that the neutral path between the source and load (i.e., the

path Nn) is open in a three-phase, three-wire configuration. Since the neutral
point is floating, we can write the following equation

i, iy +i, =0 (5.7)

Also since the voltage V,y between the points » and N is non-zero, the state
equation for each phase can be written as

iV
R, +L, di, =y V., (5.8)
da 2
, di, V,
Ryi, + L, —dtiz ; u, =V 3.9
Rcic + Lc dlc =_Vd—cuc - VnN (510)
dt

The dc side current is given by
iy =l uy +igu, +iu, (5.11)

Since (5.7) must always be satisfied, the three-phase, three-wire
configuration is not suitable for tracking three independent currents.

Let us now assume that the two neutrals are connected together (i.e., the
path nN is joined) in a three-phase, four-wire configuration. Then the
constraint (5.7) can no longer be imposed on this circuit. Furthermore, since
for this configuration ¥,y = 0, each of the equations (5.8)-(5.10) becomes
similar to (5.1). Therefore the three-phase inverter becomes equivalent to
three single-phase inverters. Thus this configuration will allow a current to
be tracked in the same manner as given in Example 5.1 irrespective of the
currents in the other two phases. We can make the inverter to track currents,
even unbalanced currents. In the general case there will be neutral current
flowing in the path nN. Even when the load is balanced, high frequency
current due to switching action will flow in this path. The following example
illustrates the idea.

Example 5.2: Let us assume that the three-phase inverter is required to
track a balanced load. The system parameters are
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14
;C =200V,R=10Q, L=20mHand h=0.1A

Let us assume that the inverter has to track the three-phase reference currents
in hysteresis current control. These reference currents are

lver = 1o sina)t+lsin Sa)t+lsin Tt
S 5 7
ey = Ibm{sin(a)z —120°)+%sin5(a)t —120°)+%sin 7(a)t—120°>}

Lpey = Loy {sin(a)t +120° )+ %sin S(a)t +120° )+ %sin 7(a)t +120° )}

We shall demonstrate the functioning of the inverter first with balanced
reference currents and then with unbalanced reference currents.

Let us first assume that the reference currents are balanced such that /,,,
Ivm and I, are all equal to 10 A. The load currents are shown in Figure 5.8
(a-c). It can be seen that even though the load currents are balanced and do
not contain any triplen harmonics, the neutral current (/,y) is not zero in the
steady state. The initial excursion neutral current is due to the delay in the
inverter circuit in forcing the reference currents through the inductive load.
However, the transient dies down very fast and the neutral current settles
around zero. There is a high frequency ripple in the neutral current due to the
switching action, but the average current has the desired value of zero.

Let us now choose an unbalanced reference current in which Z,, = 10 A,
Im =7 A and L, = 12 A. The current tracking results are shown in Figure
5.9. It can be seen that there is a significant neutral current in this case. In
addition, the high frequency switching ripples are also present in the neutral
current. Note that this control directly aims to control the peak error in the
phase currents but there is no direct control of the neutral current so its error
can be the sum of the errors in the phase currents.

AAA

5.2 Hard-Switched Versus Soft-Switched

The inverter circuits of Figures 5.2 and 5.7 are called hard-switched
inverters since when they are switched, a full voltage is applied across the
switches. This may result in stress in the power semiconductor switches
reducing their life span but, more significantly, increased losses in the
inverter. Soft-switched converters do not suffer from this problem as all the
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switches in a dc-to-ac converter are operated when the voltage across them is
zero. This gives low loss in the switches. In the hard switched inverter
however, when a switch is being turned off, first the voltage rises rapidly
then the current falls depending on the recombination time of the carriers
inside the semiconductor switch. It is the combination of high voltage with
high current which generates a high level of switching loss in a converter.
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Figure 5.8. Balanced current tracking by the three-phase inverter
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Figure 5.9. Unbalanced current tracking by the three-phase inverter
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The schematic diagram of a soft-switched, single-phase inverter is shown
in Figure 5.10. This is also called a resonant dc link inverter (RDCLI) as a
resonant circuit is added in the dc side for soft switching [4]. The resonant
circuit is represented by the inductance (Z,) and the capacitor (C,). Ideally,
the resistor R, should be zero. However, this resistor has a small value owing
to the finite Q-factor of the coil L,. In this figure, the current iy = I, xu, where
u is the switching function given by (5.2).

R
| ()
AtLeh - L
S] S3 \ R L
+ S,
Vdc —p— V(' ampm \‘ ?
-lc. {
Si WS &

Figure 5.10. The schematic diagram of a resonant dc link inverter

The idea behind the RDCLI circuit is to generate a resonance using the
pair (L,,C,). This forced resonance will enable the voltage v, to periodically
go to zero. The switch S, is closed for a small interval of time when this
voltage (vc) is zero and, during this period, the switches S| — S, are switched
on or off depending on the tracking requirements. The voltage across the
switches is zero during this transition giving low loss. This condition is
termed as zero voltage switching (ZVS). Assuming that the resonant cycle
starts at an instant £y, the link current (i) and capacitor voltage (v()
waveforms are shown in Figure 5.11. The capacitor voltage must be zero at
the beginning of every resonant cycle for successful ZVS. This can be done
only when the inductor current is built up to certain value at the beginning of
the cycle. For example, unless the inductor current is built up to the required
value at instant #,, the capacitor voltage will not be zero at instant ;. Thus
the initial inductor current i,(t,) must be carefully chosen for successful ZVS
[1]. Below we discuss a method of building up the initial current. In this
approach it is assumed that the resonant period is fixed and is slightly less
than the natural (undamped) resonant period of the pair (L,,C,). Then for
building the initial current, the period for which the dc bus must be shorted is
an important control parameter [5].



3. Structure and Control of Power Converters 149

Figure 5.11. RDCLI capacitor voltage and link current waveforms with associated timings

Let us assume that the duration of the resonant cycle (i.e., t; — 1) is fixed
at AT microseconds. Since resonant cycle time is almost invariably much
smaller than the time constant of the load circuit, the load current (i) is
assumed to have a constant value equal to /; over a particular resonant cycle.
This gives the equivalent circuit shown in Figure 5.12. In a practical circuit
Iy is estimated in the previous cycle, i.e., any time between #, and #, and is
used for predicting i{f,). This is acceptable, as the resonant time is much
smaller than the time constant of the load circuit.

S <® I

gll

Figure 5.12. Equivalent circuit of an RDCLI

Referring to Figure 5.12, let us define a state vector and an input vector
respectively as
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x= [v(. i ]T andv = [10 Ve ]T

The state space equation of the circuit with S, off is then given by
X =Ax+ By (5.12)

where the matrices 4 and B are given by

L 0 e ], e o
\-yL, -RJ/LT | 0 VL,

Since AT = t; — t,, the solution of (5.12) at the instant #; based on the
initial condition at the instant ¢, is

AT

x(t3):eAATx(t2)+ JeA(AT_’)Bv(r)dT (5.13)

0
Note that in the above equation ¥, is a known constant and /; is assumed to
be known and therefore the input vector v is known. Further since both these

quantities are assumed to be constant during the resonant cycle, (5.13) can
be rewritten as

x(t;) = @x(t,)+ ©v(1,) (5.14)

where

. Al 6, 6
cD:eAA/x(tz):[gsH ﬂz}and('D: IeA(AT—r)de_:[ 1 12}
b Pn 0 0, Oy

The matrix ® is known as the state transition matrix (STM).
From Figure 5.11 we define

x(t3 )= [0 I (t3 )]T

i.e., at the instant #;, the capacitor voltage is zero and the link current is i,(f3).
Then premultiplying both sides of (5.14) by C =[1 0] we get

0=Clox(s,) ©v(,)] (5.15)
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Since 4, B and AT are known a priori, the matrices ¢ and & can be
numerically evaluated beforehand. We can then expand (5.15) as

O=[¢n ¢]2]x(t2)+[9” '912]V(tz) (5.16)

Again from Figure 5.11 we get

x(t)=[0 @) (.17)

Substituting (5.17) in (5.16) and rearranging we get

i,.(t2)=—21—{0“10+012Vdc} (5.18)

12

This gives the value of the desired current at the instant ¢, required to ensure
successful zero crossing of the capacitor voltage at the instant z;.

Once the desired computed value of i(t,) is obtained from (5.18), it is
compared with the actual value of the link current by an analog comparator
while the switch S, is kept closed. The switch is opened when these two
values are equal. This ensures that the link current is built up to the required
level at the beginning of a resonant cycle such that the capacitor voltage goes
to zero at the end of the resonant cycle.

Example 5.3: Let us consider an RDCLI with the following parameters
V, =100V, L, =52uH, R, =0.128Q and C, = 0.89puF

The natural undamped frequency for this choice of inductor and capacitor is
23.5 kHz and the corresponding time for one cycle is 42.75 ps. We choose a
resonant period (A7) of 37.5 s, which is less than the cycle time of the
natural frequency. Let us first investigate the no-load behavior (i.e., I, = 0) of
the circuit by removing all loads. This is shown in Figure 5.13. It can be seen
from this figure that the link voltage (v¢) periodically goes to zero after
about every 37.5 us. Also, the shorting switch is closed for about 5 ps for the
link current (i,) to built up, to ensure correct ZVS. Note that the link voltage
has a peak that is above 200 V even when the dc source voltage is 100 V.
We now consider a load that is given by

R=10Qand L =20mH
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The reference current that has to be tracked is the same as that given in (5.3).
The result of the current tracking is shown in Figure 5.14 (a) and the tracking
error is shown in Figure 5.14 (b) when the dc source voltage is 100 V. From
Figure 5.13 we know that the peak of the link voltage exceeds 200 V for a
supply voltage of 100 V. However, the tracking performance is still
unsatisfactory. The maximum current that can be tracked by this circuit,
irrespective of the resonant circuit, is nearly equal to V,/R. Thus for better
tracking, the dc source voltage must be raised. A perfect tracking is obtained
when V,. = 200 V. This is shown in Figure 5.14 (c) and (d). However the
peak of the link voltage in this case rises above 400 V.
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Figure 5.13. No-load behavior of RDCLI

Comparing the results of Examples 5.1 and 5.3 it can be concluded that
for the same load both hard and soft-switched inverters have similar tracking
performance for the same dc supply voltage. However the link voltage in a
resonant inverter peaks around twice the dc supply voltage, thereby requiring
a larger rating capacitor and switch voltage rating. Furthermore, to ensure
ZVS, the control circuit becomes more complex. Even then the circuit is
prone to failures unless proper safety margins are provided. The major
advantage of this circuit is that the switching losses are minimized. However
the limitations, especially the complex control logic, far outweigh the
advantage gained in terms of losses. Advances have been made in voltage
limiting such that the resonance may require less than 20% overvoltage
rating. This approach makes soft switching more attractive but the advances
in the switching speed of IGBTs and other power level devices have made a
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more significant impact on the applicability of inverters to power delivery

applications. In the remainder of the book we shall only consider hard-
switched inverters.
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Figure 5.14. Tracking performance of RDCLI
5.3 High Voltage Inverters

The inverter applications that have been examined thus far assume that
the dc bus voltage is higher than the line to neutral voltage of the main
supply connection point. These inverter structures require switches that can
turn on and off and this restricts attention to switch devices such as

— metal oxide field effect transistor (MOSFET)
— insulated gate bipolar transistor (IGBT)

— gate turn-off thyristor (GTO)

— field controlled thyristor (FCT)

Table 5.2 lists the rating and the switching speed of the above devices.

Table 5.2. Rating and switching speed of the power semiconductor devices
Devices Upper voltage rating Switching speed

MOSFET 1000 V 50 ns
IGBT 3300 V 0.5 us
GTO 8000 V 5 s

FCT 5000 V 0.1 ps
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For direct connection to ac systems, the GTO is the preferred device for
the construction of the highest voltage rated inverters. However GTOs have
lower switching speed, implying that the switching losses are high.
MOSFETs have very low switching losses but are not suitable for very high
voltage ratings.

Using series connections of IGBTs, a new range of inverter applications
have appeared. Using an inverter structure as in Figure 5.7, dc link systems
have been developed commercially carrying 60 MW at 80 kV. The
difference is that each switch shown may be the series connection of a large
number of IGBTs. The main difficulty for series connection of switches is
timing differences during turn off. If two 1000 V rated devices were in
series, they would be expected to operate safely at 2000 V. However if one
of the devices turns off while the other is still conducting, it will experience
the full 2000 V which can damage the device or cause it to turn on again.
The current systems use resistor and capacitor strings to force the voltage
sharing of the devices during turn off. This process can require some
compromise in the achieved switching speed with a corresponding increase
in switching loss. The advantage however is that we can now construct
inverters that can be connected to 11 kV distribution lines without the
additional cost of interposing transformers. Other solutions such as
multilevel converters are discussed in the next section.

54 Combining Inverters for Increased Power and
Voltage

In this section we shall discuss three ways of combining inverters which
can improve

— effective switch frequency
— system voltage rating
— power handling capacity

The basic inverter has a switch frequency, voltage rating and power capacity
limited by the individual switches. Combining many switches can address
one or more of the inverter limitations. A common approach is to combine
inverter modules. One connection is to combine six step inverters such as in
Figure 5.7, but where each switch turns on and off not more than once per
fundamental cycle. This constraint permits the efficient use of GTOs, which
have high switching losses and cannot successfully operate at high
frequency.
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5.4.1 Multi-Step Inverter

A multi-step inverter is constructed using many 6-step inverters of Figure
5.7 and a magnetic circuit to provide phase shift between the inverters. This
principle of construction has been around for quite some time [6]. However
with the advent of GTOs, they have gained considerable attention. The
details of the construction of these inverters are fairly complicated. We shall
only outline the principle of construction below.

Consider the basic 6-step inverter shown in Figure 5.15, which basically
is the inverter of Figure 5.7 with the loads removed. Each switch leg makes a
voltage step up and down every mains cycle giving a total of six steps. A 6n-
step inverter is built using n 6-step inverters. For example two such inverters
are used to construct a 12-step inverter and four inverters are required to
construct a 24-step inverter. The inverter of Figure 5.15 produces a set of
three quasi-squarewave voltage waveforms of a given frequency. Let us
connect the dc voltage source sequentially to the three output terminals via
appropriate inverter switches. The output voltage waveforms, when each
switch is conducting for a period of 180°, are then shown in Figure 5.16.

V —= SIL S3 Y S5 Sa

N ¢ A B ¢ C 4

V —= S4L Ss A S A

Figure 5.15. A basic 6-step inverter

The Fourier series of the output voltage waveforms are given by

4V
= —si 5.19
fa (t) ”zg:sw - sm(na)t) (5.19)
fs()= ﬂsin(na)t—2n7r/3) (5.20)

n=135,. H7
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Figure 5.16. Output voltage waveforms of a 6-step inverter

fel)= Z ilisin(na)t+2nzr/3) (5.21)

n=135,. N7

where w is the fundamental frequency in rad/s.

From the above three equations it is clear that there are no even
harmonics on the ac side. It can also be seen that for a particular value of n,
the three functions are either in phase, or appear in the sequence A-B-C or
appear in the sequence A-C-B. Let us denote them as zero-sequence,
positive-sequence and negative-sequence respectively. Note that these
sequences are not the symmetrical component sequences used for the
representation of unbalanced circuits. These sequences for various values of
n are given in Table 5.3. From this table it is evident that the triplen
harmonics (3, 9, 15, ...) are zero-sequence and thus can circulate in the
windings of a A-connected circuit. If we now connect the output of the
inverter to a A-connected primary of a transformer, the triplens will not
appear in the secondary winding of the transformer. Alternatively, if the
inverter output is connected to an ungrounded Y-connected transformer
primary winding, the zero-sequence components of the output voltage will
be forced to zero.

Thus the output (ac) side voltage harmonics that appear in the
transformer secondary for either of the above two transformer connections
will be 6g + 1 where ¢ = 1, 2, 3, ... including both positive and negative-
sequences. The dc side current harmonics generated are given by 6q where
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g =1,2,3, ... [7]. Hence we can state that the ac side harmonics are
complementary of the dc side harmonics.

Table 5.3. Harmonic sequences of a 6-step inverter

Sequences Harmonic number n

Zero-sequence 3 9 15 21
Positive-sequence 1 7 13 19
Negative-sequence 5 11 17 23

Lower order voltage harmonics are of concern to any power system.
Since the power system is mostly inductive, the currents produced by higher
order voltage harmonics get attenuated. Since the effective impedance of an
inductive circuit increases with the increase in frequency, the magnitude of
the n™ harmonic current reduces with the increase in the value of n. This
implies that the reduction in the current magnitude associated with lower
order harmonics is not as significant as the reduction achieved for higher
order harmonics. We must therefore try to eliminate the lower order voltage
harmonics. Let us consider two 6-step converters that are connected as
shown in Figure 5.17. In this diagram only the dc side is shown. It can be
seen that both these inverters are supplied by a common dc source that has a
potential of V. =2V.

Al Bl C1 A2 B2 (2
Inverter 1 Inverter 2
Vdcl
L

Figure 5.17. DC side connection diagram of two 6-step inverters

Let us consider the 6™ harmonic component on the dc side of the 1%
inverter. It can be eliminated if another 6™ harmonic component that is
shifted by 180° at that frequency is added to it. Their sum will then combine
to zero. To effect a phase shift of 180° from the 2" inverter, firing instants of
all the switches of the 2" inverter must lag the corresponding switches of the
1¥ inverter by 30° at the fundamental frequency. This will ensure that the 6"
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harmonic component of the 2" inverter lags that of the 1" inverter by 180°.
Furthermore, such a phase shift will ensure the cancellation of all the odd
multiples of the 6™ harmonic components. For example, the 18" harmonic
component of the 2™ inverter will lag that of the 1* inverter by 540° making
them in phase opposition. Thus only the even multiples of the 6" harmonic
component will remain in the dc side.

Let us now investigate what happens in the ac side if the firing angles of
all the switches of the 2™ inverter are delayed by 30° on the fundamental
frequency from the corresponding switches of the 1% inverter. The respective
phase-4 output voltage waveform of the two inverters are shown in Figure
5.18 when the fundamental voltage of the 2™ inverter lags the fundamental
voltage of the 1% inverter by an angle 6. The Fourier series of the phase-4
voltage of these two inverters are given by

09 100 200 300 400
Degree

Figure 5.18. Output waveforms of two phase shifted inverters

fa :4—Vsin ot + flKsin not (5.22)
7 n=57,... n
4 . ,

fo :—I—/-sm(a)t—6?)+ Z 4—V~sm(na)t—nH) (5.23)
7 n=517,... nr

From (5.22) and (5.23) it is obvious that for 6 = 30°, the 5" and 7"
harmonic component of the 2™ inverter are phase shifted by — 150° and —
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210° respectively with respect to the 1¥ inverter. In order to eliminate these
two harmonic components, the 5™ harmonic component needs to be further
phase shifted by — 30° and the 7™ harmonic component need a phase shift of
+30°. This means that negative sequence is phase shifted by — 30°, while the
positive sequence is phase shifted by + 30°.

We can connect any three-phase transformer in A-Y to provide + 30°
phase shift between their primary and secondary windings [6]. In that case if
the positive sequence is phase shifted by + 30°, the negative sequence gets
phase shifted by — 30° and vice versa. To explain this, consider the A-Y
connected transformer that is shown in Figure 5.19. In this the uppercase
letters denote the primary side and the lowercase letters denote the secondary
side. Also the addition of a suffix 1 to winding names differentiates them
from the terminal names.

The vector diagram when the terminals ABC are connected to a balanced
supply with phase sequence 4BC is shown in Figure 5.20. It is evident that
the induced secondary voltages (e.g., Va1a1-) lead the corresponding primary
line to neutral voltage by 30°. This phase shift same for all frequencies, ie.,
for all positive sequence harmonics (7", 13" etc.). For negative sequence
harmonics (5", 11" etc.), the phases B and C exchange positions and the
phase angle is — 30°.

Al
cl
Al
Cl1, ~
Bl'
Al
()
Bl
B | et L
PRIMARY SECONDARY

Figure 5.19. Schematic diagram of three single-phase transformers

The transformer connection for the addition of the output of two inverters
is shown in Figure 5.21. The A-connected primary windings are connected to
outputs of two inverters at points 41, Bl, C1 (Inverter 1) and 42, B2, C2
(Inverter 2). The inverter outputs 42, B2, C2 are arranged to lag the outputs
Al, Bl, C1 by 30° through a phase shift in their gating signals. The
transformer connected to Inverter 1 (A-open star) has a turns ratio of 1:1,
while that connected to Inverter 2 (A-A) has a turns ratio of 1:V3.
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Figure 5.20. Positive-sequence phasor diagram

Figure 5.21. Transformer connection to add the outputs of two inverters

The secondary windings a2a2’, b2b2' and c2¢2' of the transformer
connected to Inverter 2 are connected in A. Thus there is no phase shift
introduced by this inverter transformer. The secondary windings of the
transformer at the output of Inverter 1 are connected in an open star with the
terminals al, b1, cl forming the open star. Note the dotted terminals in
Figure 5.21. Then from this figure we get

Vab = Valal' + Va202' - Vclcl’

If we consider only the fundamental component of the inverter outputs, then
the vector diagram corresponding to the above equation is shown in Figure
5.22 (a). It shows that V,, is in phase with the primary reference voltage
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Vain, which is the fundamental output of Inverter 1. The other voltages can
be written by symmetry from Figure 5.21

Voe = Vo Voopy =Varar

Vea =Varar +Verer =Viinr
A vector diagram corresponding to the 5" harmonic is shown in Figure
5.22 (b). The phase angles of the three terms in the equation for ¥, are such
that they cancel out completely. A similar diagram can also be drawn for the

7™ harmonic and it can be shown that this component also becomes equal to
zero.

Vclcl'= 1 Va]a1’= 1
30° o Va=2V3_

> 4
\ VaZaZ’ = '\/3 VA N

K
""""
.
‘{" -
"V a2a2'

""""" sum is zero
clel’ (b)

Figure 5.22. Phasor diagram (a) fundamental and (b) 5™ harmonic

A time domain construction corresponding to the expression ¥ is shown
in Figure 5.23 (a). The levels produced are 1, 1+V3 and 2+V3 times the dc
bus voltage of the inverter supplying the primary, which is 1/V3 per unit for
this figure. The circuit discussed above is a 12-step inverter. The output line-
to-line voltage waveform of this inverter is shown in Figure 5.23 along with
its harmonic spectrum. The dc side voltage V. is chosen to be 1.0 per unit to
obtain the output voltage. It is evident from Figure 5.23 (b) that the most
dominant ac side harmonic components are 11" and 13".

It is seen that by providing a phase shift of 30° between two inverter-
transformer combinations, it is possible to generate a 12-step waveform with
a spectrum that contains 11" and higher order harmonics only. If we now
combine two such inverters, we shall be able to get a 24-step inverter. In this
case however the phase difference between the successive inverter-
transformers must be 15°. In a similar way we can construct a 6g-step
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inverter by providing a phase shift of 360°/6g between the successive
inverter-transformers.

Output Lto-L Vokage of 12-Step Inverter Harmonic Spectrum of 2 12-Step herter
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Figure 5.23. (a) Output voltage waveform of a 12-step inverter and (b) its harmonic spectrum

The construction of multi-step inverter requires a number of single-phase
transformers that can be connected to provide any feasible degree of phase
shift. The development of a 48-step inverter using eighteen single-phase
three-winding transformers and six single-phase two winding transformers is
reported in [8] and its use in bulk power transmission is given in [9-11]. The
basic idea of construction here is to provide phase shift using these
transformers. In the 48-step inverter the phase shift is 7.5° between the
successive inverters.

5.4.2 Multilevel Inverter

The inverter configuration shown in Figure 5.15 is basically that of a 2-
level inverter as the output voltage can take on the values + V and — V.
However there is a class of inverters that can take on more than two values.
They are called multilevel inverters [12-18]. Multilevel inverters are usually
named after the level of voltages that can be obtained from them. For
example a 3-level inverter can produce voltage levels of + V, 0 and — V
where ¥ is the voltage of the dc supply. Similarly four different voltage
levels can be obtained from a 4-level inverter, five different voltage levels
can be obtained from a 5-level inverter and so on. Below we shall discuss the
construction and operating characteristics of some of these inverters.

The schematic diagram of one leg of a 3-level inverter is given in Figure
5.24. It contains four switches (S, Sis, S». and Sy) and two diodes (D, and
D). Each of these switches consists of a power semiconductor device and an
anti-parallel diode. Each of the two dc sources supplying the inverter has a
magnitude of V. The neutral point of these two sources is denoted by N. A
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three-phase inverter can be constructed by duplicating the leg shown in
Figure 5.24. The output voltage across 4 and N is given in Table 5.4 for
various switch combinations. It is evident from this table that the output
voltage has three levels.

D,

Y — i’:’

LASla
Sip

T,
4 D, LSM
I S

T ¢

Figure 5.24. Schematic diagram of a 3-level inverter

Table 5.4. Output voltage of a 3-level inverter
Switch Status

S St S S Vaw
Off Off On On -V
Off On On Off 0

On On Off Off +V

The schematic diagram of one leg of a 4-level inverter is shown in Figure
5.25. This inverter requires the levels + ¥/3 and — ¥/3 in addition to the
levels of + ¥ and — V. Since the number of levels is even, the level 0 is not
achievable by this inverter. To achieve the above-mentioned dc levels, three
capacitors of equal size are connected as shown in the figure. Assuming that
the capacitors are fairly large, the voltage levels in the various parts of the
circuit are also shown in Figure 5.25. Note that all these voltages are
measured with respect to the neutral point (N). Table 5.5 lists the four
voltage levels across 4 and N for various switch combinations. Note that for
each of these four voltage levels, any three of the six switches must be
closed. This is done to facilitate current flow in either direction. For example
consider the second row of Table 5.5 in which the desired level is + V/3.
When a current flows out of terminal 4, it flows through the switches S, and
S15. However when the current is flowing into terminal 4, a path is provided
through the switch S,,. The voltage level between 4 and N remains constant
at + V/3 in either case.
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Figure 5.25. Schematic diagram of a 4-level inverter

Table 5.5. Output voltage of a 4-level inverter
Switch Status

Van
S Sis Sie Sra S Sy
On On On Off Off Off +V
Off On On On Off Off + VI3
Off Off On On On Off - VI3
Off Off Off On On On -V

The schematic diagram of one leg of a 5-level inverter is shown in Figure
5.26 in which only the voltage levels are shown. These voltage levels can be
obtained using four equal capacitors in the same way as shown in Figure
5.25. In the S-level inverter any four switches are closed at any given time.
Table 5.6 lists the inverter output voltage for various switch combinations.

v
V/z—-bl-—ti ta
16

VZ —p—4 .5
Sld

Figure 5.26. Schematic diagram of a 5-level inverter
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Table 5.6. Output voltage of a S-level inverter
Switch Status

S Su  Se Sy Sw  Sw S» Sy Van
On On On On Off Off Off Off +V
Off On On On On Off Off Off + V2
Off Off On On On On Off Off 0

Off Off Off On On On On Off -V
Off Off Off Off On On On On -V

In a similar fashion we can construct six or higher level inverters. The
structure of a generalized m-level inverter is given in [18]. We shall now
discuss voltage waveform synthesis techniques using multilevel inverters.
Selective voltage harmonic elimination has long been proposed in [19] for 2-
level inverters. This well-established technique has been extended to a 5-
level inverter in [20]. Consider the voltage waveform of a 5-level inverter
shown in Figure 5.27 (a) in which only the positive half cycle is shown. The
negative half cycle is the mirror image of the positive half cycle. In this
figure the magnitude of the dc voltage (V) is assumed to be 1.0 per unit.

The output voltage waveform is reconstructed by firing appropriate
switches at prespecified instants. For example, at instant C), the switches S5,
Sie, Sis and S5, are turned on (see Table 5.6). In a similar way the other
switches are turned on and off to reconstruct the voltage of Figure 5.27 (a).
As we mentioned earlier that the voltage waveform has a halfwave
symmetry. This implies that all the even harmonics and dc component are
zero. Now notice that the voltage waveform has an odd quarterwave
symmetry. Thus all the a, terms in the Fourier series (c.f. equation 3.40)
expansion will be zero. Then the magnitude of the " harmonic component
of the voltage is given by

b, = 2 IVAN sin(n6)d6 (5.24)
7 0

Evaluating the above equation for odd n we get

b, = i[—coan\ ~cosnC, +cosnC, —cosnC, | (5.25)
nx

To eliminate 3", 5", 7" and 9" harmonics we obtain four simultaneous
nonlinear equations substituting » by 3, 5, 7 and 9 in (5.25). The solutions of
these equations are given in [20] as
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Figure 5.27. (a) Output voltage of a 5-level inverter and (b) its harmonic spectrum

C,=14.57",C, =45.43°,C, =57.43° and C, = 62.57"

The voltage waveform of Figure 5.27 (a) is drawn with these values and the
corresponding harmonic spectrum is shown in Figure 5.27 (b). The
fundamental frequency is assumed to be 50 Hz. The voltage spectrum is
normalized with respect to the fundamental. It can be seen that the highest
order harmonic in this case is 11™.

Multilevel inverters can also be operated in PWM control mode [16,21].
One major drawback of this form of multilevel inverters is the requirement
of a large number of capacitors. The switching of these inverters can cause
unequal charging of the capacitors resulting in voltage imbalance [21-23].
Usually the following factors are responsible for capacitor voltage imbalance

— Unequal capacitor leakage currents.

— Unequal delay in the semiconductor devices.

— Asymmetrical charging of capacitors during transients.
— Asymmetrical circuit configuration.

A solution to capacitor imbalance problem has been given in [21], which
uses voltage feedback to cancel out imbalance. The other possible solution to
this problem is to use chopper circuit that can transfer charge from one
capacitor to another thereby maintaining and equalizing the voltages [24].
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5.4.3 Chain Converter

The basic chain converter consists of a string of H-bridge inverters
around capacitors. Each capacitor may be inserted in a positive or negative
sense or bypassed. The use of GTOs to reduce losses often implies that the
capacitors are switched in or out once per half cycle. The maximum voltage
is achieved by switching all capacitors inserted with the same direction. The
schematic diagram of a chain converter is shown in Figure 5.28.
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Figure 5.28. Schematic diagram of a chain converter

Conceptually the modulation would then be built up as in Figure 5.29.
The turn on and turn off of each of the levels determine the voltage to be
synthesized. The control is made more difficult since the capacitor size is
finite and there is a change in voltage of each of the capacitors particularly
those on the longest period. In the chain converter, the energy is not shared
between the levels or phases and thus large energy storage capacity is
required. The result shown in Figure 5.29 uses a very large capacitor so the
voltage changes for the levels are not visible.

The control does not anticipate droops but does measure capacitor
voltages at the beginning of the switch period. Each switch period is
assumed to be equal. The idea is to choose the time to turn each level on so
that the average voltage over the switch interval matches the desired voltage.
For N levels of capacitor, there will be N switchings to a new level in each
quarter of a cycle. For analysis here equal N switch intervals are chosen.
More sophisticated analysis would shape the intervals to produce the
minimum current ripple. The main factor to be considered here is that the
finite capacitor size will cause the voltage of each link in the chain to change
as the on time proceeds.
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N

Figure 5.29. Basic addition of levels for one phase of a chain converter

Alstom has developed the chain converter for use by the national grid in
the United Kingdom. The aim was to develop controllable reactive elements
with low losses. The control scheme used by Alstom is based on off-line
optimization for a range of line currents. The controller interpolates between
the computed firing points when the current is in between the computed
values. In common with all such optimizations, there will be no
compensatory changes in the firing when the system changes due to voltage
harmonics or variations in the capacitor parametric values.

The chain converter can provide reactive power and harmonic
compensation. It can combine switch modules for higher voltage higher
power operation with an effective increase in switch frequency. The
converter is not usually suitable to connect between a dc source and supply
mains because the energy is not drawn from a single source. Each dc stage
needs to draw energy from electrically separate sources. This may however
be a strength for photovoltaic or fuel cell applications.

So far in this chapter we have discussed the topology of the basic
inverters and how their operation will influence their use in distribution
compensators. While the soft switch version is not receiving strong attention
for compensators, the multi-step or multi-inverter topologies offer a very
attractive path for the application in which they are connected to ac buses,
particularly at high voltages. We shall now discuss the inverter control
techniques.
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5.5 Open-Loop Voltage Control

There are many forms of modulation used for communicating
information. When a high frequency carrier has an amplitude varied in
response to a lower frequency signal we have what is called an amplitude
modulation (AM). When the carrier frequency is varied in response to the
modulating signal we get frequency modulation (FM). These signals are
used for radio modulation because the high frequency carrier signal is
needed for efficient radiation of the signal. When communication by pulses
was introduced, the amplitude, frequency and pulse width become possible
modulation options. In many power electronic converters pulse width
modulation (PWM) is the most reliable way of reconstructing a desired
output voltage waveform. For a reliable signal representation it is necessary
that the frequency of the switching be significantly higher than that of the
desired signal.

Modulation in power electronics is a process of forming a switched
representation of a waveform. The switched representation is more efficient
compared with linear amplifiers. The linear amplifier has a voltage across
the switch while it is carrying current and thus dissipates as much energy as
is delivered to the load. Ideally the switched signal can handle high power
with an efficiency approaching 100%.

There are two approaches to forming a switched waveform — open and
closed loop. The most well-known modulation scheme performs well in
open loop. This modulation is based on having the average value of the
switched waveform to match the average value of the modulating signal over
an interval. The concept is most easily applied for fixed switch frequency
applications.

5.5.1 Sinusoidal PWM for H-Bridge Inverter

The schematic diagram for the generation of PWM control signal is
shown in Figure 5.30. It contains a carrier signal and a modulating signal.
The magnitudes of these two signals are compared through an analog
comparator. The PWM control signal is set high when the modulating
signals has a higher numerical value than the carrier signal and is set low
when the carrier signal has a higher numerical value. This implies that in the
H-bridge, switches .S; and S, (see Figure 5.2) are closed when the modulating
signal is higher than the carrier and switches S; and S; are closed when
carrier is higher than the modulating signal. Since the output voltage of the
inverter for such an arrangement is + V., this is called bipolar voltage
switching.
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Modulating PWM control

f\jg"a' + signal

Carrier Comparator

Figure 5.30. PWM control signal generation scheme

The most popular form of pulse width modulation synthesis is the
sinusoidal PWM (SPWM). In an SPWM scheme the modulating signal is
sinusoidal and carrier signal is a triangular wave. The frequency of the
modulating signal is chosen to be the fundamental frequency of the output
waveform to be synthesized. The SPWM output waveforms are defined in
terms of modulation index (m,) and frequency ratio (my). The modulation
index is the ratio of the peak of modulating waveform to the peak of the
carrier wave, while the frequency ratio is the ratio of the frequency of the
carrier wave to that of the modulating wave. Typical bipolar sinusoidal
PWM waveforms are shown in Figure 5.31. In this figure the frequency ratio
(my) is chosen to be 9 and the dc source voltage (V) is assume to be 1.0 per
unit. Two different PWM output voltages are shown — one when m, is less
than 1 and the other when m, is 0. The former is called modulated output and
later is called unmodulated as the modulating waveform is zero in this case.

Let us define the frequency of the carrier wave as f. and that of the
modulating wave as f,,. It is evident from Figure 5.31 that the SPWM output
waveform is not sinusoidal. In fact it will contain fundamental and
harmonics of the frequency f,,. The peak amplitude of the fundamental is
equal to m, times the dc source voltage [1]. The harmonic spectrum of a
bipolar SPWM output voltage with m,= 9, m, = 0.4 and V. = 1.0 per unit is
shown in Figure 5.32. Since the SPWM output waveforms have mirror
image or halfwave symmetry, the even harmonics are absent. The most
dominant harmonics present in the output voltage of an SPWM is m;, which
in this case happens to be the 9". The other possible harmonics are m; + 2,
met4,2met 1,2 met3,3 my, 3 mpt 2 etc.

The peak amplitude of the harmonic components given in Figure 5.32 is
listed in Table 5.7 [1]. Note that the harmonic numbers and their numerical
values vary with both m, and m,. It is thus desirable to obtain a general
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expression for computing the numerical values of harmonics. One such
method, given in [25], uses Bessel function to form closed form expressions
of the harmonics. However with modern day high-speed computers, the
numerical values can be computed with ease.
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Figure 5.31. Bipolar SPWM waveforms
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Figure 5.32. Harmonic spectrum of bipolar SPWM output voltage for m,= 9 and m, = 0.4

From Table 5.7 it is evident that the harmonics in the output voltage
appear at a multiple of the frequency ratio and its sidebands. Note that for
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SPWM my is always chosen as an odd integer. This choice results in both
quarterwave and halfwave symmetry eliminating the even harmonics and the
dc component. Another important point to be noted is that the modulation
index is always chosen to be in the range 0 < m, < 1. A value of m, greater
than 1 results in over modulation. An over-modulated output voltage for m,
of 1.2 shown in Figure 5.33. The harmonic spectrum of the output voltage,
shown in Figure 5.34, contains all the odd harmonics.

Table 5.7. Numerical values of harmonics for m,=9 and m, = 0.4
Harmonic Number
In Terms of m;  Actual Values

Peak Amplitude (per unit)

1 0.4

met2 7,11 0.061
2m 1 17,19 0.326
2m+ 3 15,21 0.024
3my 27 0.123
3mi+2 25,29 0.139
3mt 4 23, 31 0.012

Modulated output m,> 1
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Figure 5.33. Over-modulated SPWM output waveform for m;=9 and m, = 1.2

So far we have discussed bipolar SPWM technique. It is also possible to
run the H-bridge inverter of Figure 5.2 in an unipolar fashion. In this the
inverter output voltage varies between + V. and 0 in the positive half cycle
of the modulating signal and between — V. and 0 in the negative half cycle.
Let us denote the modulating voltage by v,... Then the unipolar switching
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scheme is based on the modulating waveforms v,,,; and — v,,,4. This is shown
in Figure 5.35.
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Figure 5.34. Harmonic spectrum of the over-modulated output of Figure 5.33

Modulated output 0 < m, < 1
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Figure 5.35. Unipolar SPWM output waveform for m;= 9 and m, = 0.8

The uniploar PWM control law is as follows. Unlike the operation of the
H-bridge inverter discussed so far, the switches of each leg do not take
complementary values. Table 5.8 lists the four switch states that the inverter
of Figure 5.2 can have. When both the two upper switches are on, the output
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voltage is zero. The current will then circulate, depending on its direction,
either through the power semiconductor device of S; and anti-parallel diode
of S5 or through the power semiconductor device of S and anti-parallel
diode of ;. Similarly when both the lower switches are on, the power
semiconductor devices and anti-parallel diodes of S, and S; maintain the
continuity of current.

Table 5.8. Four switch states of the H-bridge inverter of Figure 5.2

Switches On Output Voltage
Sy and S, vig =+ Vy
S, and S; v =0
S, and S, v =0
S; and S, vig=— Vg

Let us denote the carrier waveform as V... Then the uniploar SPWM
switching waveforms are generated as follows.

Ifv,.>v

mo

then switch S, on

carr

elseif v,,,, <v

no carr

then switch S; on

then switch S, on

If - Vood = Vearr

elseif —v,,, <V,

then switch S, on

This implies that in the positive half cycle of v,,,., When the value of v, is
more than the value of v, and the value of — v, is less than that of v,
the inverter output is V; it is zero otherwise. Similarly in the negative half
cycle of v, the inverter output voltage is — V. only when the value of vyoq
is less than the value of v.,,, and the value of — v,,,, is more than that of v.,.
Otherwise it is zero. The advantage of the unipolar switching is that the
harmonics gets shifted and appear as the side bands of the even multiples of
my. For the output voltage of Figure 5.35, the harmonic spectrum is shown in
Figure 5.36.

5.5.2 Sinusoidal PWM for three-phase Inverter

Let us consider the three-phase inverter shown in Figure 5.15. In a three-
phase PWM three sinusoidal modulating signals are generated, each phase
shifted from the other by 120°. These are denoted by Vumodas Vmad s @0d Viod,c I
Figure 5.37. The switches of the leg-A of the inverter in Figure 5.15 are
switched by the intersection of v, in the same manner as discussed above,
i.e., when v,,q is higher than v, then switch on S, such that vy =+ V.
Again when v,,,4, is lower than v,,,, then switch on S; such that vy = - V.
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Therefore the output voltage v,y varies between = V. In a similar way, the
switches of the inverter leg-B and C are turned on or off by comparing the
carrier wave with v,,,,, and vy, - respectively.

o o
(2] @
, ,

o
~

Peak Amplitude (pu)

o
o N
-

e
- ‘4m,’

0 10 20 30 40 50
Harmonic Number

Fligure 5.36. Harmonic spectrum of unipolar switching for m,=9 and m, = 0.8

The line-to-line voltage between any two legs of the inverter then looks
like the output waveform of a unipolar inverter. Note that these voltage vary
between *+ V. This is also shown in Figure 5.37 in which the fundamental
components of the voltages v,3, vz and vy are phase shifted from each
other by 120°. Also note that since the line-to-line voltage waveforms look
like the unipolar SPWM output, their harmonic components also appear as
sidebands of the even multiple of m, similar to the ones shown in Figure
5.36.

5.5.3 SPWM in Multilevel Inverter

The sinusoidal PWM method can also be applied to a multilevel inverter.
One such technique is outlined for odd-level inverters in [16]. In this there
are (N — 1) carrier waveforms where N is the number of levels. These carrier
waveforms can be placed in various fashions. We shall however consider the
case in which the carriers are in phase but have different dc offsets. The
waveforms for a S-level inverter are shown in Figure 5.38. In this figure Ca,
varies between 0.5 to 1, Ca, varies between 0 to 0.5, Ca; varies between
— 0.5 to 0 and Cay varies between — 1 to — 0.5. To restrict the inverter from
over modulating, we assume that the sinusoidal modulating wave varies
between — 1 and 1.
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Figure 5.37. Three-phase SPWM inverter output waveforms

Let us now consider the 5-level inverter shown in Figure 5.26 and its
switching operations listed in Table 5.6. We assume that the dc voltage V' is
1.0 per unit. Then the inverter operates in the following fashion. The inverter
output voltage is made + 0.5 per unit when the instantaneous value of the
modulating waveform becomes more than that of the carrier wave Ca,. From
Table 5.6 it can be seen that this is achieved by closing switches S5, Sic, Sias
and Sy,. The inverter output voltage is made 1.0 per unit through appropriate
switches shown in Table 5.6 when the modulating waveform similarly
crosses Ca,. In the negative half cycle the inverter output is made — 0.5 per
unit when the instantaneous value of Ca; becomes more than that of the
modulating wave and it is made — 1.0 per unit when Cay similarly crosses
the modulating wave. The switches to be utilized for achieving these voltage
levels are given in Table 5.6. It is also assumed that the capacitor voltages of
the S-level inverter are maintained such that regulated + 0.5 per unit and +
1.0 per unit voltage levels are available.

The modulated output waveform of Figure 5.38 is obtained for m,= 9 and
m, = 0.8 where m, is defined with respect to the outer level of carrier wave.
The harmonic spectrum of this waveform is shown in Figure 5.39. It can be
seen from this figure that the magnitude of the fundamental is almost 0.8.
However, it contains all odd harmonics with the most prominent being at m;.
Other dominant harmonics also appear as sidebands of the multiple of .

Compared to the magnitudes of the unipolar SPWM output harmonic
components of Figure 5.36 the magnitudes of harmonic components of
Figure 5.39 are smaller. In fact the total harmonic distortion (THD) of the
output of the multilevel inverter output voltage is 31.61% while that of the
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output voltage of the unipolar SPWM is 69.36%. Therefore the increased
voltage level has caused a reduction in the THD by more than half. Note that
an increase in the frequency ratio m, will not result in the reduction of THD
any further. However, the dominant harmonics will now be higher order that
can be easily filtered by inductive loads.

Modulated output

0 0.005 0.01 0.015 0.02
Time (s)

Figure 5.38. Output waveform of a S-level inverter
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Figure 5.39. Harmonic spectrum of 5-level inverter voltage output for m;=9 and m, = 0.8
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5.5.4 Space Vector Modulation

This is essentially an averaging technique that takes into consideration
that a three-phase inverter has only eight switch states. Consider the inverter
shown in Figure 5.15. There are two states for each leg. Therefore, for the
three independent legs of the inverter, a total combination of 2° states can be
obtained. Let us consider the positive instantaneous symmetrical component
given by

1
v, :f(v/w +avgy + azv(w) (5.26)

where a = &' and v,y vgy and vgy are the voltages of the three output
terminals of the inverter (see Figure 5.15). Note that each of the voltages vy,
vy and vey can have a value of either + V or — V. The eight states are then
listed in Table 5.9 along with the switch positions for ¥ = 1.0 per unit. Out of
these eight states two states correspond to the voltage vector v, being zero.
These two states are obtained by either closing all the three top switches or
closing all the bottom switches.

Table 5.9. Eight switch states of a three-phase inverter

State Switch Status Output Voltages v

No. S S, Sy M Ss Se VaN____VBN _ VCN :
[ On Off Off Off On On +1 -1 +1 0.5774 - j1.0
11 On On Off Off Off On +1 -1 -1 1.1547 +,0.0
] On__On On_ Off Off Off +1 +1 -1  05774+,1.0
3% Off On On On Off Off -1 +1 -1 -05774+,10
\% Off Off On On On Off -1 +1 +1 -1.1547+,00
VI Off Off Of On On On -1 -1 +1 -0.5774-/1.0
VII On Off On Off On Off +1 +1 +1 0

VIII Off On Off On Off On -1 -1 -1 0

These eight switch states are pictorially depicted in Figure 5.40. Each
vector is displaced from the contiguous vector by 60°. The entire voltage
vector space is divided into six regions. Each region is the triangular area
between two contiguous vectors, e.g., Region 1 is the space between vector I
and II. Now suppose at any given instant of time we want to recreate the
vector v, shown in Figure 5.40. This can be done by time averaging of the
nearest inverter state vectors I and II and the zero vector (VII or VIII). The
averaging is done over a suitably chosen time interval #,. This technique is
known as space vector modulation [26].



3. Structure and Control of Power Converters 179

15
Region 3
1t Jll
 Region 2
05 \
>
g
& 0f Al
© K
E v/
p!
-05 ,,’ 1
,:l"Region 1
Region 6
1. . .
-?.5 -1 -0.5 0 05 1 1.5
Real

Figure 5.40. Inverter space vectors

Let us denote the inverter voltage for states I, II and VII respectively as
vi, vii and vyy. Then assuming that the inverter spends time ¢ in state I and
time #, in state II we get the following equation

Vot =ity vty vy (e, —1 - 1,) (5.27)

Let us assume that v, has a magnitude of ¥, and an angle a with vector v.
Note from Table 5.9 that v, v; and vyy have numerical values of
0.5774 - j1.0, 1.1547 + j0.0 and 0, respectively. Then (5.27) can be resolved
into real and imaginary parts as

L, 21

NG

Y, uta cos(60° — )= 0.57741, +1.15461, = (5.28)

V lasin(60° -~ a)=1, (5.29)

Note that Table 5.9 is generated for ¥ = 1.0 per unit. A general expression
for any V then can be written from (5.28) and (5.29) as

Ll:V_;"’_sin(w _a) (5.30)

a
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L pm -
~=——sina 5.31
; v (53D

The inverter then can be operated with ¢, time in state I, #, time in state I
and the remaining ¢, — t, — 1, time in zero voltage state (VII or VIII). In order
to reduce commutations per cycle, it is necessary to calculate the state
transitions carefully. For example assume that the inverter is required to
reconstruct two consecutive values of v, that are in the Region 1. Then the
inverter switching sequence will be [ — Il — VIII — I — I = VII. This means
that for the reconstruction of the first value of v, the inverter first spends
time in state I, then spends #, time in state II and finally spends ¢, — ) — &,
time in state VIII. Subsequently for reconstructing the second value of v, the
inverter first spends ¢, time in state II, then spends ¢, time in state [ and
finally spends ¢, — f; — , time in state VII. This pattern ensures that two
switches remain in their old state during any transition. It is thus important
that the entire switching pattern is mapped before operating the inverter.

An example of space vector output voltage is given in Figure 5.41 in
which V is taken to be 1.0 per unit. This is accomplished by placing four
equidistant vectors in each region and then maintaining the switching cycle
mentioned above. The harmonic spectrum of modulated voltage is shown in
Figure 5.42. It can be seen that it contains all odd harmonics including the
triplens. The total harmonic distortion of 64.1% is comparable to that
obtained for unipolar switching.

5.5.5 Other Modulation Techniques

In a trapezoidal modulation scheme the gating signals are obtained by
comparing the triangular carrier waveform with a modulating trapezoidal
wave [27]. This type of modulation can increase the peak of the fundamental
wave. However, the output contains lower order harmonics. In a staircase
modulation the modulating wave is a staircase [28] while in stepped
modulation the modulating wave is a stepped waveform [29]. The carrier
wave in both these schemes is triangular. Note that neither the staircase nor
the stepped waveform is a sampled and zero-order hold approximation of a
modulating sinewave. While both these methods produce high quality output
waveforms, the amplitude of the fundamental is lower for the staircase
modulation and higher for stepped modulation. However, to obtain high
quality output the number of pulse per cycle has to be computed beforehand
for both these methods.

PWM techniques often produce high acoustic noise at the PWM
switching frequency and at its multiples. Randomizing the pulse position in a



5. Structure and Control of Power Converters 181

PWM inverter can reduce this objectionable noise [30,31]. Such strategy,
when employed in ac motor drive systems, can not only reduce the acoustic
noise but also can reduce EMI. However, its scope of application to power
systems is very limited.
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Figure 5.41. Space vector modulated output
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Figure 5.42. Harmonic spectrum of the space vector output voltage of Figure 5.41
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5.6 Closed-Loop Switching Control

In the open-loop control, the objective is to produce a set of voltages with
a specified fundamental magnitude and phase. Such synthesis has
application in power transmission systems, especially with the FACTS
controller that employ synchronous voltage source (SVS). However, most
custom power devices are operated in closed-loop fashion in which they
either track a specified current reference or a voltage reference or both. We
have already discussed one such controller while discussing current tracking
in hysteresis band. In this section we shall discuss closed-loop switching
control in detail.

5.6.1 Closed-Loop Modulation
The open-loop PWM modulation makes the following assumptions

- The voltage being switched is always exactly constant.

— The switching of the output occurs exactly at the instant defined by the
logic signal.

— There are no voltage drops associated with the switches.

These imperfections, which are present in all switching systems, mean that
the exact modulation will not be produced. The synthesis of the imperfect
switched voltage waveform will mean that the resulting current, power or
harmonic correction will not be perfectly produced. One of the earliest
applications of feedback was to overcome the nonlinearities of the early
valve amplifiers. High gain feedback reduces susceptibility of the
amplification to amplifier nonlinearities. The standard feedback control
systems have an amplifier driven by the error between the reference signal
and the output. This is shown in Figure 5.43. The PWM modulator can be
modeled as an amplifier of the low frequency terms provided the system
attenuates the additional switch frequency terms. In practice the gain of the
modulator must be limited because there will always be some switch
frequency terms present which can dominate over the error signal creating an
imperfect modulation.

Another form of modulation relies on the system to ramp up and down as
the switching amplifier changes state. When there are measurable changes in
the system output at the desired switch frequency then the switching decision
can be made based on the error signal. The simplest form of this control is in
very familiar room heater. The heater is turned on when the room
temperature falls too low and is turned off again when the room temperature
is too high. If the temperature sensing system has a measurement noise
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equivalent to 1 degree deciding to switch the heater when the temperature
falls by 0.1 degree will result in the switching being dominated by the noise
and creating a very rapid wear for the switch. At a more reasonable
temperature band of say 3 degrees both the band and the room time constant
will determine the switch frequency.

I Amplifier F»{ Plant >

y —System Output
yr — Reference Input
e — Error

u — Control Input

Figure 5.43. Closed-loop control structure
In power electronic applications, excessively high frequency switching of
the electronic switches will result in unacceptable losses in the switch since

typically there is a finite energy dissipated in the switch at each switching
event.

S.6.2 Stability of Switching Control
Consider the first order system given by
x=ax+u (5.32)
where x is the system state variable and u is the control input. Let us

constrain the control input # such that it takes values between +1 and -1.
Then we choose the following Lyapunov function candidate

1,
V==x 5.33
5 (5.33)

The Lyapunov function has a derivative of

V =x(ax+u)=ax’ + ux (5.34)
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When the system parameter a is negative, the system is stable for u = 0.
The fastest convergence occurs when the control input is a signum function,
i.e., u=— sgn(x). The signum function sgn(x) is defined as

+1 forx>0
sgn(x)=4-1 forx<0 (5.35)
0 forx=0

The minimum time problem, treated in [32], shows that the optimal
minimum time problem will be bang-bang, meaning that the control will
only select the largest positive or largest negative signals.

Let us now consider the case when a is positive. Let the value of the state
variable x be positive. If we use the same control as discussed before we then
get u = — sgn(x) = — 1. The derivative of the Lyapunov candidate function is

sz(ax+u):x(ax—l) (5.36)
The derivative will be negative and the control will converge if |ax| < 1. If,
on the other hand, the value of the state variable x is negative, the control
signal is # =+ 1. We then get

V =x(ax +u)= x(ax+1) (5.37)
Since x is negative, the derivative of the Lyapunov function will be negative
and the control will again converge for |ax| < 1. Thus we can conclude that
the control for a positive a converges for |ax| < 1.

Let us now consider the tracking problem in which the output is required

to follow a reference input x,,. For this problem we can use the Lyapunov
function candidate

v :%(x ~x,, ) (5.38)

The derivative of the above function is

V= (@x+u—%, )(x—X,,) (5.39)

The control law for fastest convergence at a particular instant of time is
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u=-Ksgn(x-x,,) (5.40)

where K is a positive number. Let us assume that x — x,., is negative such that
u = K. Then from (5.39) we get the following condition for stable control

a+K-%,>0 = K>, —ax (5.41)

Similarly when x — x,, is positive, we get the following condition from
(5.39) for closed-loop stability

ax-K-x, <0 = K>ax-x, (5.42)
Therefore the system is stable when

|ax—5c

<K (5.43)

ref

The control law given in (5.40) is very intuitive in that when the error is
positive the control should be negative. In practice such a control would
quickly enter a chatter mode, changing as rapidly as the implementation
would permit.

Example 5.4: To illustrate the tracking performance, let us consider a
reference waveform of x,, = 15sin(1007z) that has to be tracked by the
switching controller of the form given by (5.40). Let us assume that the
parameter a = — 50. Note that derivative of x,, has maximum of 1500 =
Therefore to satisfy the constraint (5.43) we choose K to be 5000. The
system response is shown in Figure 5.44 in which it is assumed that the
initial value of x is 20. It can be seen that x rapidly converges to the desired
state. However, the switching frequency is extremely high.

AAA

Usually, the heating in the semiconductor devices or wear on mechanical
contacts limit the switching frequency and thus such a control action may
not be desirable in practice at all. We must therefore investigate alternate
forms of control to limit the switching frequency.

3.6.3 Sampled Error Control

In this method the switching pulses are generated at equidistant discrete
intervals of time (regular samples). If the error of the tracking were sampled
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at a set rate and the control chosen based on the sign of the error, the chatter
frequency is limited to below the sample rate. This will mean that the system
can converge to a region of the target but will not be guaranteed to reach the
target and remain there. The size of the chatter region depends on the sample
time and the system time constants.

0 0.005 0.01 0.015 0.02
Time (s)

Figure 5.44. System output and control signal with switching controller

Consider the error waveform shown in Figure 5.45 (a). The error is
compared with zero and a switching pulse is generated every time it crosses
this level between the sample instants. The error is positive at the 0" sample.
It is therefore necessary to bring the error closer to zero. The error however
remains positive for 1%, 2" and 3™ samples and becomes negative in the 4"
sample. It remains negative in the 5™ sample before becoming positive again
in the 6" sample. The switches during these samples are arranged such that
the error is forced towards zero.

The switching waveforms are shown in Figure 5.45 (b). In this figure, the
desired output, indicated by the dashed line, is x,,, = 15 sin (100 ) and the
parameters a and K are chosen respectively as — 50 and 5000. The actual and
reference waveforms are compared at each sampling instant. These two
waveforms are shown in figure. A switching decision is taken based on the
comparison. For example, a negative going pulse is generated every time the
actual output becomes greater than the desired output. Similarly, a positive
going pulse is generated once the actual output falls below the desired one.
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(a) Sampled Error Control
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Figure 5.45. Sampled error control switching strategy

5.6.4 Hysteresis Control

We have already discussed hysteresis controller for current tracking
earlier in the chapter. This is the most common form of tracking control. It
adds a hysteresis band + 4 to the reference signal. The control is generated
when the system state crosses the band, i.e.,

If (x-x,,)>h then u=-K

. (5.44)
elseif (x-x,,)<-h then u=+K

where K is a scalar constant. For this case we can assume that the control is
in the range — K < u < K. The chatter frequency will then depend on the
hysteresis band and the speed of transition. This form of control is always
stable for first order systems. However the tracking performance may
deteriorate when the system contains a source or the state value is large. For
example, consider the system

x=ax+u+V, sin(wt) (5.45)

where ¥, sin (w #) is a sinusoidal exogenous signal, which can be a voltage
source. The state velocity will depend on the system state value as well as
the source value. When the trajectories are curved, using hysteresis to force
the peak values of x to be equidistant from x,, the average will not
necessarily track x,., perfectly.
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An example of hysteresis band control is shown in Figure 5.46. The
reference waveform is given by x,,, = 15 sin (100 7) and the parameters a
and K are chosen respectively as — 50 and 5000. For the waveforms shown
in Figure 5.46, the value of % is chosen as 0.95. It can be seen that once the
system output enters the band, it stays inside the band. The switching pulses
are also shown in Figure 5.46. It can be seen that the switching frequency in
this case is higher than that sampled error control case shown in Figure 5.45
(b). However, as the peaks are well controlled, the mean squared error in this
case is much better compared to that shown in Figure 5.45. Consequently,
the actual waveform is closer to the desired waveform with the hysteresis
control. The effect for narrowing the hysteresis band is shown in Fig. 5.44.
The hysteresis band for this case can be assumed to be zero resulting in a
perfect tracking but very high switching frequency.
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Figure 5 46. Hysteresis band control with 4=+ 0.95
5.7 Second and Higher Order Systems

The simple tracking error based switching controllers discussed in the
previous section can be viewed as high gain proportional feedback. The
switching control u = ~ sgn (x — x,,;) will give a unit control even with very
small errors and thus can be seen as a gain nearing infinity. First order
systems are readily stabilized by proportional controllers, even when the
gain approaches infinity, while many resonant systems become unstable
under high proportional control. To illustrate the idea, let us consider the
following example.
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Example 5.5: Consider the circuit shown in Figure 5.47. In this the
source generates a voltage equal to + K. In the direction of the currents #; and
i, and the polarity of the voltage v are as shown. We shall now investigate
the closed-loop system stability when we use a hysteretic controller to track
the currents i, and i,.
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Figure 5.47. A simple two-loop circuit driven by a switched source

Let us define a state vector as
. . T
X = [’l L Ve ]

The system state space equation is then given by

x=Ax+ Bu (5.46)
where
B 1
_%L 0 __11_ _1_
g 1'1 L,
A=| 0 0 — |, B=|0} u=1K
L,
1 I 0
— —-—— 0
L C C ]

Let us assume that we are required to follow a reference current given by
Yrer= 15 sin (100 nt). We use this reference to track i, and i, separately in the
hysteresis current control mode. The system parameters are chosen as
R =0.02Q,L =20 mH, L, =40 mH and C = 100 uF. The value of K is
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chosen as 700 and /4 is chosen as 0.95. The tracking results are shown in
Figure 5.48. It can be seen that when the current i; is chosen as the output
variable, the controller can track the reference current in the hysteresis band
(shown in Figure 5.48 a). However, the system becomes unstable when the
current i, is chosen as the output variable and the controller is required to
track the reference in the hysteresis band (shown in Figure 5.48 b). A scaled
version of the switching controller is also shown in Figure 5.48 (b). Every
time the controller switches, the current changes in the opposite direction

without being able to stabilize the system.
AAA

(a) Stable Tracking

“o 0.005 0.01 0.015 0.02
(b) Unstable Tracking
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Figure 5.48. Hysteresis control of a third order system
To investigate the closed-loop stability of the hysteresis tracking
controller of Example 5.5, let us first consider that /) is the output variable.

Then defining y = I, = Cx, where C={1 0 0], we get the open-loop transfer
function of the system as

K/ \s24 1/

i(/,/Ll)(s +//CL2j

s, 2R/ 1/ 1/ R/

s (/'/lq)”(/CLﬁ/ca)J” e,

Let us further assume that K is positive and the switching controller is

approximated by a proportional control with a gain of Kp. Then defining
K' = KK, the characteristic equation for the closed-loop system is

06) C(sT-4)"'B
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PRI (TP, S P 0 S O R S P (5.47)
L, 1, ) \cr, T, ) \en e,

Note that R,, L, L,, C and K' are positive. Then from Routh-Hurwitz
criterion it can be shown that the following condition must be satisfied for
the system to be stable

R +K'>0 (5.48)

Since the condition (5.48) is always true, the system is stable irrespective of
the values of the system resistor, inductor, capacitor or the control gain. This
result is reflected in Figure 5.48 (a).

Let us now consider that /, is the output variable, i.e., y = I,. Then the
output matrix becomes C = [0 1 0]. The open-loop transfer function of the
system is

K//
* /CLL,

s R | 1/ R/
ST +s (/%l%s(/’/CLz +//CL1J+ /CLle

Y(s)

Uls)

=C(s1-A)"'B=

The characteristic equation for the closed-loop system is then

32| R 1 1 R, K’
ST+s | — |+s + + +
L cL, CL ) \CLL, CLL,

Then Routh-Hurwitz criterion puts the following condition on stability

0 (5.49)

R
< 1L
L,

K' (5.50)

The condition (5.50) can never be satisfied for reasonable values of the
components and for the fact that K’ is large. Therefore the system will
always be unstable as shown in Figure 5.48 (b).

Using analysis in the similar lines as presented above, it is possible to
show that a hysteresis controller may be able to function properly for
tracking current in a second order RLC circuit. However, a hysteresis
controller will fail for an LC circuit. The closed-loop characteristic equation
for an LC circuit will be of the form s> + (1/LC + K'). This means that the
circuit will go through a sustained oscillation. It is therefore imperative that
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more suitable controllers are used for stabilizing 2" and higher order
systems.

5.7.1 Sliding Mode Controller

Sliding mode switching design is one useful approach for higher order
systems. In this approach a sliding line is defined and the system states slides
along this line to a stable equilibrium point. Consider the system

X=—-ax+u (5.51)

Let us consider the time varying surface
S =x+ fx (5.52)

Note that S = 0 is called the sliding surface, which is a linear differential
equation whose unique solution is x = 0. Thus the regulating problem
reduces to choosing a control such that S is kept at zero for # > 0. The system
motion on the sliding surface can be given as an average of the system
dynamics on both sides of the surface. This has been termed as the
Fillippov’s equivalent dynamics [33].

Let us now examine the positive function V' = S2. Its derivative is

V=288 =2(x + Bx){x + B{-cx + u}} (5.53)

For u sufficiently large compared with the states and for a positive, the
control

u=-Ksgn(x+ fBx) (5.54)

will ensure that the derivative of ¥ is always negative which, for the positive
hysteresis function, implies that S will converge to zero.
This S = 0 condition implies

X=——x (5.55)

which defines the sliding line. The switching control will chatter about the
switching line and the dynamics of the second order system reduce to the
first order dynamics of the switching line. This is a two-stage process. In the
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first stage the main focus is in converging to the sliding line. The effort in
the second stage is on staying on the line. This implies exponential
convergence with time constant 4. The convergence requires

x—afix

B

lu| > (5.56)

Thus choosing a small o implies a greater difficulty in ensuring convergence
in the first place. Sliding mode controllers are discussed in [33-35].

5.7.2 Linear Quadratic Regulator (LQR)

Let us consider the state space equation of the form given in (5.46). For
the single-input case, the following linear quadratic cost function is chosen

J = f(x7'Qx+ru2)dt (5.57)
0

where Q is a symmetric positive semi-definite matrix and » > 0 is a scalar
constant which puts a penalty on the maximum control action. The
minimization of the cost function results in a feedback control of the form

u=—Kx (5.58)

where the gain matrix K is obtained by the steady state solution of the
Riccati equation

0=4"P+PA-(PBB' P)fr +0 (5.59)

K =(B"P)r (5.60)

A Linear Quadratic Regulator is shown to produce an infinite gain
margin and a phase margin of at least 60° [36]. Another important aspect of
the LQR is that it is tolerant of input nonlinearities, as shown in Figure 5.49.
The LQR design is stable provided that the effective gain of the input
nonlinearity is constrained in the sector between "2 and 2 [36]. When the
errors are large, and the control is bounded between + 1 and — 1 the elements
of the gain matrix K must be small. For a set of decreasing values of », we
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get a corresponding set of increasing values of K. Thus there always exists a
value of 7 such that Kx is bounded appropriately.

*x

Xref
—:Q— K 1 i = Ax + Bu |

Figure 5.49. State feedback in the presence of nonlinear element in the forward path

Note that for switching controller, the control input u in (5.46) can only
take on values + V, where V is a large number. Let us assume for the time
being that the control input is a continuous-time signal equal to #.. The LQR
based full state feedback tracking control law is then given by

u, =—Kx-x,) (5.61)

where K is the feedback gain matrix calculated from (5.59) and (5.60). The
switching variable u is then obtained from this continuous-time signal u. by
a hysteresis action around zero, i.e.,

Ifu, >hthenu=V

. (5.62)
elseif u, <—hAthenu=-V

Example 5.6: Let us consider the same system given in Example 5.5 and
shown in Figure 5.47. We choose a current reference of y,,,= 15 sin (100 7z)
and then generate a feedback signal which will force the current i, to track
this reference. In a full state feedback control system of the form (5.61), the
reference values for all the state variables must be provided. Let us define
the fundamental frequency as w = 100 7. Assuming that iy, = 15 sin (@ ),
we get the following two equations from Figure 5.47

i ref

Ve =Ly ——=150L, cos(wt)
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dere ’
i S 2 .
By =C———+1),, = (1 -w ch)lzre/
We then get
T . .
x""./ = [lqu/ l2r¢/ v(,'re/ ] (563)

We now use the state reference computed in (5.63) in the LQR control
law (5.61). The state feedback matrix is generated using

0
O=| 10 andr=10"°

From the choice of the weighting matrix Q it can be seen that the maximum
weight is given to i, followed by v.. No weighting is given to i,. Also, the
penalty on control » determines the control effort. The smaller this number,
the more the control effort, which in this case means increase in the
switching frequency. The variable ¥ of (5.62) is chosen to be 300 V. The
value of 4 in (5.62) is chosen to be 0.001.

Figure 5.50 shows the tracking results in which all the three state
variables and their respective references are shown. The tracking errors are
shown in Figure 5.51. Since we have used a full state feedback in which the
references of all the state variables are computed accurately, it can be seen
from these figures that all the state variables converge to their respective
reference values.

AAA

5.7.3 Tracking Controller Convergence

When designing a switching control system to track a reference, the
stability and robustness of the control is of concern. In addition to the
stability of control system to force the system error to zero, we must also
evaluate if the tracking process will work well for a given system. To
facilitate this, let us assume that system state space description is given as

x=Ax+ Bu (5.64)

Let us form a reference that is defined by



196 Chapter 5
X,y = AX,, + Bu’ (5.65)

Implicit in this formulation is the assumption that the reference signal is
attainable for some control input. Many reference formulations can create
arbitrary output signals without addressing the issue of whether the other
states are compatible with the reference.

Reference and Actual Waveforms

]
0 001 002 0.03 0.04

0 0.01 0.02 0.03 0.04

0 001 0.02 0.03 0.04

Figure 5.50. State variable tracking using LQR

Tracking Error
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Figure 5.51. Tracking error using LQR
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Defining an error vector as x, = x — X, we can write by subtracting
(5.65) from (5.64)

%, = Ax, + Blu-u") (5.66)

From the control law given in (5.61), if we remain on the switching surface,
then we get [36]

Klx-x,)=0 = Kx,=0
We can then write
Ki,=0 = Kdx,+KBlu-u")=0

From the above equation we get
KA
u—utl=_22, (5.67)
.
Substituting (5.67) into (5.66) the error equation becomes

%, = [1 _ %ije - My, (5.68)
KB

Hence the tracking error will converge to zero for any initial condition
provided that the following three conditions satisfy.

— Condition-1: All the eigenvalues of the matrix M of (5.68) have negative
real parts,

— Condition-2: The reference signal can be generated by an equation in the
form of (5.65) and

— Condition-3: Since u is bounded between + ¥ and — V, (5.67) requires
that

< K <y (5.69)
KB

It is a property of switching law based on LQR design that Condition-1
above is satisfied. Most tracking problems are posed as the output of the
plant following some reference y,. Our task is to define a state reference
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satisfying y,,, = Hx,.. In frequency domain the output equation can be given
as

Y, (s)=H(s1 - 4)"' BU"(s) (5.70)

Assuming that we are dealing with a single-input, single-output (SISO)
system we can write from (5.70)

Y,
U*(s)=—Lf(i)T (5.71)
H(sI-4)'B
Thus the corresponding reference state can be formed from
Xy (s)-——(sI—A)_'BU'(s) (5.72)

Hence any single output-tracking problem can be translated into a state
tracking problem and expressed in the form of (5.66). In practice, the circuit
analysis would be easiest method to form x,., from ., particularly for
sinusoidal tracking. This is illustrated in Example 5.6.

Condition-3 given above cannot be truly satisfied for arbitrary references.
From (5.71) we can see that a bounded y,., implies a bounded u’. The system
states are not necessarily bounded. But if y,, and the system states are
sufficiently small, then the Condition-3 can be satisfied and perfect tracking
can occur. In practice however unmodeled disturbances such as faults or
large step load changes can be sufficiently large that the tracking conditions
are lost and a finite tracking error will occur.

5.7.4 Condition for Tracking Reference Convergence

The change from output tracking to state tracking is not a problem if the
system model is known perfectly. The approach analyzed here is where the
reference for the switching controller is fixed for a period. The system
reaches steady state then the voltages and currents of the circuit used to
define the new reference values. In the case of an LC system with a voltage
reference, a consistent reference value for the current may perhaps be set
from the fundamental component of current found flowing in the circuit
when the particular reference voltage is used.

If we satisfy the stability and magnitude conditions, the system will stay
in the tracking band and the system performance will approximate
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K(x - x,e_,-): 0

This implies
Kl(x-x,,)=0

For the system model given in (5.64) the above equation yields

K(Ax+ Bu-1x,,)=0 (3.73)
The effective control in this mode can be found as
uy =—(KB)" (KAx - Kx,,; ) =0 (5.74)
Applying the control to the system (5.64) we get
= Ax — B(KB)™' Kdx + B(KB) ™' K., (5.75)

which is stable if the eigenvalues of [/ — B(KBY'K]A are in the left half
plane. This is the same as the Condition-1 of Section 5.7.3. For an LQR
designed system this stability is guaranteed, provided that controller
saturation is avoided.

Expressing this state space model in frequency domain then when steady
state is reached

x(s)=[s - (r - B(kB)" K)a] 'sB(KB) ' KX, (5) (5.76)

th

Expressing the above equation for the n™ harmonic we get

X(jnw)=jnew1 - (1 - BEB)" K 4] jnoB(KB)' KX, (jno) (5.77)

If the reference value for the k + 1 iteration is based on a linear
combination of output reference (y,,) and the steady system solution for
other system states, e.g.,

X,.c{,-(jna))k+l =PX(jnw), + TYw, (jnw),

we get



200 Chapter 5

X, (jno),, = P{ljnat (- BEkBY' K )]

(5.78)
JjnwB(KB)" K}qu/ (jno), + TY,, (jnw),

Then the stability of the reference formulation depends on the eigenvalues of

P{[jnaﬂ—(I—B(KB)”K)Arjan(KB)"K}
being inside the unit circle.
5.7.5 Deadbeat Controller
This is a discrete-time output feedback controller in which the penalty on

control is assumed to be zero. Let the output of the system is given by the
difference equation

Az k)= Bz ), (k) (5.79)
where 4 and B are polynomials given by
A(z‘] ): l+az" +ayz? ++a,z”"

n (5.80)
B(z‘])z by +bz" +byz 4w b, 27"

with # > m and z' being a unit delay operator satisfying the following
relation

z7 ' y(k)= y(k -1)
In a deadbeat controller the following cost function is chosen
7 =[yk)- v, ()] (5.81)

It is then minimized by taking its derivative with respect to u/(k) and
equating the result to zero, i.e.,

= 2y(k) - 3, (k)] k) (5.82)
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Note from (5.79) and (5.80) that the system difference equation can be
written as

y(k)z—aly(k—1)—----—a,,y(k—n)+b0uc(k)+---+bmuc(k—m)

such that

Therefore the control law from (5.82) is given as

1
uc(k)=b—[yref(k)+a,y(k—1)+---+a,,y(k—n)
0

—bu (k=1)=--—b,u,(k—m)

(5.83)

Once u (k) is known, the switching variable u(k) can be obtained in the same
manner as (5.62). Deadbeat PWM control is reported in [37].

Example 5.7: Let us consider the same system as given in Examples 5.5
and 5.6. The continuous state equation (5.46) is converted into a discrete-
time form as

x(k +1)=gx(k) + Ou, (k) (5.84)

where k is the " sample, ¢ is the state transition matrix and & is the input
matrix. These matrices are given by

la
p=e" and@ = J-e”“Bdt

0

where 1, is the sampling period. Let the output be defined by y = Hx. Then
the deadbeat control action can be computed from (5.83) as

L (k +1)- He x(k)
‘ He
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